Investigation of the grade of calcined clays used as clinker substitute in Limestone Calcined Clay Cement (LC3) by Avet, François Henri
POUR L'OBTENTION DU GRADE DE DOCTEUR ÈS SCIENCES
acceptée sur proposition du jury:
Dr L. Weber, président du jury
Prof. K. Scrivener, directrice de thèse
Dr B. Lothenbach, rapporteuse
Prof. J. Skibsted, rapporteur
Prof. P. Bowen, rapporteur
Investigation of the grade of calcined clays used 
as clinker substitute
in Limestone Calcined Clay Cement (LC3)
THÈSE NO 8143 (2017)
ÉCOLE POLYTECHNIQUE FÉDÉRALE DE LAUSANNE
PRÉSENTÉE LE 10 NOVEMBRE 2017
À LA FACULTÉ DES SCIENCES ET TECHNIQUES DE L'INGÉNIEUR
LABORATOIRE DES MATÉRIAUX DE CONSTRUCTION
PROGRAMME DOCTORAL EN SCIENCE ET GÉNIE DES MATÉRIAUX 
Suisse
2017
PAR
François Henri AVET

 iii 
Acknowledgements 
These four years of PhD were an unforgettable step of my life and I would really like to thank the 
people who made me enjoy it so much.  
 
I would first like to thank the person who made this thesis possible, my thesis director, Prof. Karen 
Scrivener for the opportunity of doing a PhD, for her support and her extremely valuable advice 
during these four years of PhD. I would also like to thank the members of my jury for their com-
ments and suggestions, Dr. Barbara Lothenbach, Prof. Jorgen Skibsted and Prof. Paul Bowen.  
 
The LMC team made the everyday-life great. Lily and I were in between two "waves" of PhD stu-
dents and we could enjoy both periods. From the old team, I would like to thank Elise and Berta for 
their daily smiles and the scientific discussions, John for TEM help and chocolate brownies, Arnaud 
for the help for 1H-NMR and the amazing Europapark trips, Julien for the Ticino accent, Ruben for 
the great help with the R3 test and Mathieu for all the calcined clay legacy.  
 
From the younger team, I would like to thank Mink for her kindness, Wiola for the great dinners, 
Hamed for the chloride barbecues, Xuerun for the help for XRD, Yosra for the pleasant lab atmos-
phere, Emmanuelle for the TEM tough work, Frank for the Satellite trips, Adrien for your motivat-
ing attitude, Alex for the white board, Yan for Hui, Hui for the cactus and Shiyu for Jacques 
Dutronc. I would also like to wish the best to the latest LMC comers for their on-going PhDs: the 
famous Anna, So, Mahsa and Mariana. Thanks also to Ellina and Emilie from EMPA. I am also 
grateful for the help given by bachelor and master students for this project: Delphine, Aigoul and 
Joanne, my intern Benoît and my semester project students Dimitri, Gilles, Joris and Gauthier.  
 
More generally, I would like to thank all members of the LC3 team from Switzerland, Cuba and 
India. We always had very good interactions between Julien, Aurélie, Franco at EPFL, Geetika, 
A.Anuj, Yuvaraj, Sundar, Vineet, Sreejith and Arun from IITs, Ribalta, Abdel and Adrian from 
Havana. All our meetings and discussions brought new insight and new perspective for this amaz-
ing project. 
 
I would also like to thank Maude and Anne-Sandra for their help in the organization for confer-
ences, trips, lab hikes, ski seminars and many other things, Marie Alix for the Nanocem events, 
Jean, Paul and Tonio for the technical help and the funny discussions.  
 
I could not put Hadi neither in the old nor the new team since he might still be around hidden. 
Thanks for all the great moments spent together! Lionel. Just entering your office was great. So 
many good stories, anecdotes and jokes heard. My dear officemate, Lily (Xiaoli), we started on the 
same day, and we almost finished on the same day. We shared many good memories and the 
MXG241 office quickly became the place to be in the lab.  
 
Last but not least, I would like to really emphasize the bravery of my whole family for supporting 
me, especially during the last busy months of PhD. 
  
Acknowledgements 
iv 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The Swiss Agency for Development and Cooperation (SDC) is warlmly thanked for funding this 
thesis through the LC3 project. 
 v 
Abstract 
The combination of calcined kaolinitic clays and limestone in Limestone Calcined Clay 
Cement (LC3) is a promising approach to reduce the cost and the CO2 emissions of cement produc-
tion by reducing the clinker content of cement. This thesis investigates the feasibility of using vari-
ous grades of calcined clays in LC3. LC3-50 blends with a clinker content reduced to 50% are stud-
ied.  
The factors controlling the reactivity of LC3-50 blends containing various grades of calcined kao-
linitic clays were first studied. A benchmark test of mortar strength was developed. Similar strength 
to plain Portland cement (PC) can be obtained even for clays with 40% of calcined kaolinite only. 
Moreover, strengths are strongly dependent on the calcined kaolinite content of the calcined clay. 
The development of the new Rapid, Relevant and Reliable (R3) pozzolanic test allows the evalua-
tion of the reactivity of calcined clays after only 24 h by isothermal calorimetry and 3 days simply 
using an oven, and it allows the prediction of the strength development of LC3-50 mortars.  
To explain strength results, a phase assemblage study was carried out. In order to determine the 
amount of reacted metakaolin, three methods were tested and mass balance was found to be the 
most reliable one. The phase assemblage study showed that a critical refinement of pore connectivi-
ty is reached already at 3 days for LC3-50 blends with high calcined kaolinite content. From this 
point on, clinker hydration is slowed down, and the formation of crystalline hydration products is 
limited. The on-going reaction of metakaolin leads to the higher incorporation of aluminium in the 
calcium alumino silicate hydrate (C-A-S-H). The C-A-S-H was fully characterized in terms of com-
position, morphology and density. No change in morphology was observed by Transmission Elec-
tron Microscopy. The C-A-S-H density determined by 1H-Nuclear Magnetic Resonance was also 
found to be similar between PC and LC3-50 with different calcined kaolinite content. Combining all 
this information, a good relationship is obtained between strength and gel space ratio for PC and for 
the LC3-50 blends.   
Finally, the chloride resistance was tested through ponding and chloride binding isotherm tests. The 
results also support previous findings for the use of calcined clays with a calcined kaolinite content 
of at least 40% to get a better chloride resistance than PC. These results are mainly explained by the 
pore connectivity refinement of LC3-50 blends compared with PC. The chloride binding is the high-
est for clays with 40-50% of calcined kaolinite.  
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Résumé 
Une approche prometteuse pour réduire le coût et les émissions de CO2 de la production de 
ciment consiste à partiellement remplacer le clinker du ciment par de l’argile calcinée et du calcaire 
pour la formulation des ciments calcaire argiles calcinées (LC3). Dans ce travail de thèse, les sys-
tèmes LC3-50 sont étudiés, dans lesquels le contenu en clinker est réduit à 50%. Le but de cette 
thèse est de mettre en lumière l’influence de la qualité de l’argile calcinée sur les propriétés des 
mélanges LC3-50.  
Les facteurs déterminant la réactivité des mélanges LC3-50 contenant différentes argiles kaolini-
tiques ont d’abord été étudiés. Un test comparatif de référence pour mesurer la résistance à la com-
pression sur mortier a été lancé. Les résultats montrent que des résistances similaires au ciment de 
référence (PC) sont obtenues même pour des systèmes LC3-50 ayant des argiles calcinées avec un 
contenu initial en kaolinite de 40% seulement. De plus, les résistances obtenues indiquent une claire 
dépendance au contenu en kaolinite calcinée de l’argile. En parallèle de cette étude sur mortiers, un 
nouveau test pouzzolanique (nommé R3) a été développé afin de prédire le développement de la 
résistance des mortiers de manière beaucoup plus rapide. Ce test est réalisé en évaluant la réactivité 
des argiles calcinées en 24 h par calorimétrie isotherme ou en 3 jours en utilisant simplement un 
four.  
Pour expliquer les résultats en compression obtenus, la microstructure et l’assemblage de phase 
durant l’hydratation ont été étudiés sur pâte de ciment. Afin de déterminer le degré de réaction du 
métakaolin, trois méthodes ont été utilisées et la conservation de masse s’est avérée être la plus 
fiable. Concernant la microstructure, un raffinement maximal de la connectivité des pores est ob-
servé après seulement 3 jours d’hydratation pour les LC3-50 contenant des argiles calcinées de 
haute qualité. Une fois cette limite atteinte, la réaction du clinker s’arrête, tout comme la formation 
d’hydrates cristallins. La réaction continue du métakaolin entraine une augmentation de la quantité 
d’aluminium incorporée dans le C-A-S-H. La morphologie du C-A-S-H observée par microscope 
électronique à transmission est très similaire pour tous les systèmes étudiés, tout comme la densité 
mesurée par 1H résonance magnétique nucléaire. En combinant toutes ces informations, le rapport 
quantité de gel par espace disponible a pu être calculé et corrélé aux résistances à la compression 
pour les systèmes LC3-50 et le PC.  
Enfin, la résistance aux chlorures a été étudiée, et les résultats des tests de mise en solution saline 
montrent également que l’utilisation d’argile avec seulement 40% of kaolinite est particulièrement 
adaptée. Une meilleure résistance que le PC est obtenue pour tous les LC3-50 avec 40% ou plus de 
kaolinite calcinée. Ces résultats sont expliqués principalement par le raffinement de la porosité des 
LC3-50 par rapport au PC. Par ailleurs, la capacité de capture des chlores est maximale pour les 
systèmes LC3-50 avec 40-50% de kaolinite calcinée.  
 
Mots-clés 
Ciment calcaire argiles calcinées, hydratation, microstructure 
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1 Chapter 1 - Introduction 
 
1.1 Context 
Concrete is the most produced material in the world. About 4200 Mt of cement are made per year 
and its production keeps increasing [1, 2]. Cement is an excellent material, cheap, available and 
easy to use, and the production of 1 kg of concrete is much less emissive than most of construction 
materials, such as steel and ceramics for instance [3, 4]. However, due to its massive scale of pro-
duction, cement is responsible for 5-8% of the anthropogenic CO2 emissions and about 35% of in-
dustrial CO2 emissions [5, 6]. The most emissive (and the most expensive) step of cement produc-
tion is the clinker production. To reduce these environmental and economic impacts, the use of 
Supplementary Cementitious Materials (SCMs) has been the common approach in the recent years 
to reduce the clinker content of cement. Among the traditional SCMs, glass granulated blast furnace 
slag (GGBFS) reserves are already almost fully used in cement [7]. Larger amounts of fly ash are 
available but part of it shows too-low reactivity. This lack of good quality SCMs has lead to a stabi-
lization of the clinker to cement ratio in the cement industry over the past years [8]. Two SCMs 
which are not fully exploited and are widely available are calcined kaolinitic clays and limestone 
[9]. These could allow significant further savings in clinker costs and use. Limestone Calcined Clay 
Cements (LC3) exploits the synergy of the combination of cement with calcined kaolinitic clays and 
limestone.  
  
1.2 From kaolinitic clays to calcined kaolinitic clays 
Calcined kaolinitic clays are obtained from the calcination of raw kaolinitic clays. Kaolinitic clays 
are mainly present in tropical and subtropical climates, in soils formed by chemical weathering un-
der hot and moist conditions. Figure 1.1 shows the wide distribution across the globe of kaolinite, 
present mainly in oxisols, ultisols and alfisols (in pink, yellow and pale green on the map) [10]. In-
terestingly, kaolinitic clays are present in areas where the increase for cement demand will be the 
highest during the next decades.  
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Figure 1.1. Presence of kaolinite in oxisols (pink), ultisols (yellow) and alfisols (pale green) [10]. 
 
Kaolinite differs from the other types of clays, such as illite or smectite, by its layer structure, only 
composed of one octahedral aluminate sheet and one tetrahedral silicate sheet, as presented in Fig-
ure 1.2. Hydrogen bounds between siloxane group and aluminol group link consecutive layers of 
kaolinite and prevent any water to penetrate the interlayer space, characterizing kaolinite as non-
swelling clay. Some isomorphous substitution may occur of Al by Fe and of Si by Al, but in a much 
lower extent than for smectite or illite structures [11, 12].  
 
 
Figure 1.2. Kaolinite structure [13], adapted from [14]. 
 
Kaolinite does not show any reactivity in cement. It needs to be calcined to be reactive. During the 
calcination, the dehydroxylation of kaolinite occurs from 450°C to 600°C [15-19]. Kaolinite trans-
forms into an amorphous metastable phase called metakaolin, according to Equation 1.1. Cement 
oxide notations are used here: A = Al2O3, S = SiO2, etc.   
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AS2H2→ AS2 + 2H  
Eq. 1.1 
 
The understanding of dehydroxylation was shown by several authors using 27Al-Nuclear Magnetic 
Resonance [20-23]. This technique indicates the number of close neighbours Al atoms have. During 
dehydroxylation, a change of the coordination number of Al occurs from octahedral AlVI to AlIV 
and especially AlV, leading to structural change shown in Figure 1.3 [22]. This structural disorder is 
responsible for the increase of reactivity [24]. Compared with illite or smectite structures, hydroxyl 
and aluminate groups are at the surface of kaolinite structure. The AlV groups are thus directly ex-
posed to the environment around metakaolin particles and can easily react. This explains why kao-
linite shows the highest pozzolanic potential among the different kinds of clays [25, 26]. Fernandez 
made the comparison between kaolinite, illite and montmorillonite and he obtained higher mortar 
compressive strength than reference plain Portland cement (PC) for a blend with 30% of clinker 
substitution by pure metakaolin from 7 days onwards [22]. Illite and montmorillonite blends 
showed similar strength to a system containing inert quartz. Similar reactivity results were obtained 
by Hollanders [27]. 
 
 
Figure 1.3. 27Al NMR spectra of raw kaolinite and kaolinite calcined at 600°C and 800°C. 
 
1.3 Influence of calcined clay and limestone on hydration 
Both metakaolin and limestone have a physical influence on cement hydration. They provide nucle-
ation sites permitting hydrate formation [28]. Moreover, their substitution for clinker at the same 
water to binder ratio, effectively increases the water to cement ratio. Thus, hydrates have more 
space to grow. Last but not least, Berodier showed that hydration was enhanced in presence of fine 
SCMs thanks to the increase of the shearing between particles. The shearing increase is related to 
the decrease of the distance between particles when fine SCMs are added [29]. As a consequence, 
clinker hydration is enhanced [30].  
 
Al2O3 SiO2( )2 ⋅2H2O→ Al2O3 SiO2( )2 + 2H2O
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In addition to physical effect, metakaolin and limestone also chemically react during hydration. It is 
well-known that metakaolin reacts as pozzolan during cement hydration. Its reaction with portland-
ite CH and water mainly leads to the formation of C-A-S-H, and also strätlingite C2ASH8 after port-
landite depletion [31-33]. This reaction is summarized in Equation 1.2.  
 
  Eq. 1.2 
 
Limestone influences the products of the hydration of the aluminate phase. For reference PC with-
out limestone, C3A reacts with gypsum C$H2 to form ettringite AFt, and after complete consump-
tion of gypsum, some of the ettringite reacts with remaining C3A to form monosulfoaluminate 
phase Ms [34]. In presence of limestone, C3A reacts with calcium carbonate to form carboaluminate 
hydrates, respectively hemi- and monocarboaluminate phases, Hc and Mc [35-37] according to 
Equations 1.3 and 1.4. Moreover, ettringite is retained and is not converted into Ms in systems con-
taining limestone [38, 39].  
  
 
 
 C3A+CC +11H→C4ACH11  Eq. 1.4 
 
Only 2-5% of limestone reacts during hydration of typical Portland cements [40, 41]. The limiting 
factor for limestone reaction is the aluminate from C3A. The amounts of Hc and Mc are related to 
the initial C3A content of clinker [42] and the initial aluminate to sulfate ratio [36] of the system.  
 
1.4 Limestone Calcined Clay Cements (LC3) 
In LC3, calcined clay and limestone are combined in order to further reduce the clinker content of 
cement. Antoni et al. showed that in addition to the reactions previously mentioned, metakaolin also 
provides some aluminate which reacts with calcium carbonate to form carboaluminate hydrates ac-
cording to Equation 1.5 [43].  
 
 A ( from AS2 )+CC +3CH +8H→C4ACH11  Eq. 1.5 
 
Antoni showed that the best compressive strengths were obtained using a calcined clay to limestone 
ratio of 2:1 [44]. Following this mix design, 45 parts of clinker were substituted by 30 parts of me-
takaolin and 15 parts of limestone in LC3-50, where 50 refers to the clinker content. The remaining 
5 parts approximately corresponds to the gypsum content. Results in Figure 1.4 indicate that despite 
such low clinker content, higher strength than PC is obtained from 7 days onwards, demonstrating 
the feasibility of using this combination of metakaolin and limestone as clinker substitute.  
 
AS2 +CH + 6H→C−A−S−H +C2ASH8
 C3A+0.5CC +0.5CH +11.5H→C4AC 0.5H12  Eq. 1.3 
Chapter 1 - Introduction 
5 
 
Figure 1.4. Compressive strength of reference PC and LC3-50 blends. Adapted from [43]. 
 
Concerning the porosity measured by Mercury Intrusion Porosimetry (MIP), Antoni also showed 
that LC3-50 blend has a higher total porosity compared to reference PC but a significant refinement 
of pore connectivity is observed for the blend.  
 
This study from Antoni used pure metakaolin, which is around 3 times the price of Portland cement 
because it is already used by other industries such as ceramics, paper, etc [13]. Promising results 
were obtained using “lower” grade calcined kaolinitic clays which have a much higher potential as 
clinker substitutes [16, 31, 44, 45]. However, no systematic study was carried out to investigate the 
influence of the grade of calcined clay on the strength of calcined clay blends, or LC3-50 systems. 
More generally, information is missing concerning the influence of the grade of calcined clay on the 
hydration of calcined clay blends and their durability properties.  
 
1.5 Objective of the thesis 
The primary objective of this thesis is to investigate the influence of the grade of calcined clays on 
the strength and the chloride resistance of LC3-50 blends. The understanding of the results obtained 
is provided through the investigation of the microstructure development of the LC3-50 blends.  
 
The first step in Chapter 2 was to understand factors controlling the reactivity of blends containing 
calcined clays. This was done by launching a benchmark test of mortar strength with various cal-
cined clays from different places around the world. Blends with calcined clays and LC3-50 blends 
were tested. The goal was to see if criteria of feasibility could be established for a further use of 
these calcined clays in cement. In parallel to this benchmark test, a new Rapid, Relevant and Relia-
ble (R3) pozzolanic test was developed in order to get a quicker indication on the reactivity of cal-
cined clays. To be meaningful, correlations must be found with mortar strength. This chapter is up-
dated from the paper published in Cement and Concrete Research 85 (2016) 1–11. 
 
In order to understand the strength results obtained, a hydration study was carried out. The complete 
characterization of the hydration of calcined clay blends requires a method to determine the degree 
Chapter 1 - Introduction 
6 
of reaction of metakaolin. There is currently no suitable and reliable method available for any grade 
of calcined kaolinitic clays. The goal of the work in Chapter 3 was to find the best approach to de-
termine this parameter. Three methods were investigated and compared.  
 
Chapter 4 presents the investigation of the hydration of LC3-50 in pastes. The goal was to determine 
the influence of the grade of calcined clays on the microstructure development of LC3-50 blends. 
The work focused on the changes in phase assemblage and kinetics of hydration. The porosity was 
also characterized. This Chapter has been submitted to Cement and Concrete Research with Chapter 
3 as two complementary journal papers.  
 
Chapter 5 presents the full characterization of the C-A-S-H of calcined clay blends in terms of com-
position, morphology and density. This was to see if a different C-A-S-H forms in the LC3-50 
blends.   
 
The relationship between strength and phase assemblage is investigated in Chapter 6. Porosity and 
gel space ratio are used to try and explain the strength results obtained. 
 
The chloride resistance of LC3 blends was tested and presented in Chapter 7 where it is compared 
with PC in order to investigate the feasibility of using LC3 in aggressive environment (sea shore, 
roads with de-icing salts etc.). The microstructure study allowed determination of the chloride dis-
tribution in the samples, and which grade of calcined clays is the most suitable for such applica-
tions.  
 
Overall this thesis shows that clays containing a kaolinite content as low as 40-50% can be used as 
clinker substitute in LC3, with excellent strength and chloride resistance.  
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2.1 Introduction 
Modern day cements are largely composed of blended cements, containing Supplementary Ce-
mentitious Materials (SCMs). The reactivity of these blended cements is traditionally measured by 
testing the compressive strength at 7 days or 28 days of hydration. In order to predict in a faster way 
the pozzolanic reactivity of SCMs, several rapid test methods have been developed. These methods 
aim to predict the strength development as accurately as possible and in a reproducible way. More-
over, they should ideally be simple and widely accessible. The different methods have been re-
viewed by Snellings et al. [46]. The pozzolanic reactivity can be either obtained by: 
- measuring the portlandite consumption related with the pozzolanic reaction of the SCM 
- monitoring the reaction of the SCM itself 
- investigating the SCM composition and physical properties 
- measuring the compressive strength on simplified blends which are influenced by the reac-
tion of the SCM.  
 
2.1.1 Portlandite consumption 
The first category of test method uses the portlandite consumption as criterion for the reactivity of 
SCMs. Vicat first described the concentration in a lime-saturated solution due to the pozzolanic 
reaction of SCMs [47]. The lime concentration was deduced from the alkalinity measurement of the 
solution by chemical titration. The main drawback of this test is its duration, since the final results 
can be obtained only at 90 days. Poor correlations with strength were obtained. In order to reduce 
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this experiment time, Chapelle increased the temperature of the test to 90°C [48]. In this test, 1 g of 
free lime (CaO) is mixed with 1 g of SCM and 200 g of water. The mix is boiled for 16 h. After 
cooling, sucrose is added to dissolve the unreacted portlandite. The alkalinity of the solution is used 
to measure the portlandite concentration by titration with hydrochloric acid (HCl). However, 
Chapelle noticed that poor correlations were obtained between the output of the test and strength 
results. A modified version of the Chapelle test was defined with an initial free lime content of 2 g 
to make sure not to run out of lime during the pozzolanic reaction. This version is used in the 
French standard NF P18-513 [49].  
 
Another test developed based on the study of Frattini [50] is currently part of the European standard 
EN 196-5 [51]. The main novelty compared with Vicat or Chapelle test is the that in addition to the 
alkalinity measurement, the lime concentration is also measured by titration using EDTA as a com-
plexing agent and murexide as indicator. In this test, the concentration of a lime solution in contact 
with a blended cement is compared with the concentration of a saturated lime solution with similar 
pH. If the solution containing the blended cement is undersaturated in lime at 7 or 14 days, the test 
is positive, i.e. the SCM shows a pozzolanic reactivity. The water to binder ratio used is 5, and the 
temperature of the test is 40 °C. The results of this test are qualitative, and the comparison between 
different SCMs is not straightforward [52]. Moreover, some segregation in the solid is often ob-
served, influencing the results with different lime concentration between the top and the bottom 
parts of the beaker [53]. Good correlation with strength results was obtained for calcined clay sam-
ples [31], but this is not the case when applied to different SCMs [46] because the pozzolanic be-
haviour of SCMs significantly varies with the type of SCMs.  
 
Other methods can be used to quantify the portlandite consumption in a blended cement or in a 
model system, such as X-Ray Diffraction (XRD) with the Rietveld method and Thermogravimetric 
Analysis (TGA). For XRD, it is not necessary to dry the sample, but the sample preparation and the 
operator skills can significantly influence the results. For TGA, the main drawback is that the sam-
ple needs to be dry. The water should preferentially be removed using solvent exchange method for 
couple of days. 
 
2.1.2 Degree of reaction of SCMs 
The main issue with investigating the portlandite consumption is that a different amount of port-
landite will be consumed depending on the type of SCM. Thus, the monitoring of the SCM reaction 
is a more straightforward way of characterizing its reactivity. Two main methods can be used to 
follow continuously the reaction of an SCM: the heat release during hydration by isothermal calo-
rimetry and the chemical shrinkage. For both methods, the main issue if blended cements are stud-
ied is the difference of clinker hydration degree. A filler can be used to simulate the physical effect 
of the SCM, and the comparison between the blend containing the SCM and the blend with the ref-
erence can give an indication of the reactivity of the SCM only.  
 
Selective dissolution techniques have also been used. They allow the dissolution of unreacted clink-
er phases and the hydrated phases and to keep only the unreacted SCM. Two main drawbacks can 
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occur with such methods. First, a too strong acid can partially dissolve the SCM, leading to an 
overestimation of its degree of reaction. Second, the removal of hydration products and unreacted 
clinker phases can be incomplete.  
Other techniques requiring much more advanced equipment could also be used, such as Nuclear 
Magnetic Resonance (NMR) mainly used for metakaolin or Scanning Electron Microscopy (SEM) 
for slag and fly ash. Since these equipments are not widely available, they can not be universally 
used. Recent development of XRD-Rietveld using the Partial Or Not Known Crystalline Phases 
method (PONKCS) showed the possibility of quantifying the degree of reaction of SCMs, especial-
ly metakaolin and slag, but to date, this method is too complicated to be widely applied.  
 
2.1.3 SCM physical properties 
The first approach consisted of correlating the reactivity of SCMs to their initial compositions ob-
tained by X-Ray Fluorescence. In the ASTM C618 standard, an SCM must have a minimal content 
of Σ(SiO2 + Al2O3 + Fe2O3) of 70 % [54]. For monophasic materials, this could work but this is 
rarely the case for SCMs. Calcined clays for instance contain most of the time quartz as secondary 
phase. Moreover, there is no evidence for the reactivity of iron oxide in calcined clay. Thus, consid-
ering this parameter as an indicator for the reactivity of calcined clay is meaningless.  
 
Instead of considering the whole composition of an SCM, the content and chemistry of the active 
phases was then determined. For this method, the active part of the SCM is dissolved using an acid 
and/or a base. Compared with the selective dissolution discussed before, the acids and bases used 
here are usually stronger. Poor correlations were generally observed with compressive strength re-
sults [46]. 
 
2.1.4 Compressive strength on simplified systems 
Another approach used in Indian standard IS 1727 and Brazilian standard NBR 5751 to assess the 
reactivity of SCMs is to run compressive strength tests on mortars composed of lime and SCMs [55, 
56]. In the IS 1727 standard, 1 part of lime is mixed with 2 volume parts of SCM and 9 parts of 
sand. This test is carried out with a constant flow of 70 ± 5 %. After a 2 day cure at room tempera-
ture, the samples are then stored at 50 °C for 8 days before being mechanically tested. The SCM 
passes the test if the strength reached 3 MPa. For the Brazilian NBR 5751 standard, the mortar flow 
required is 225 mm. The samples are kept in moulds for 24 h, and they are then cured at 55 °C for 6 
days before being tested. The standard is satisfied if the strength reaches 6 MPa. The first drawback 
of this test is the constant flow or consistency used for different SCMs. The impact of SCMs on the 
rheological properties is much more significant for these simplified systems than for cementitious 
blends where the SCM content is lower and the rheological properties are also controlled by the 
clinker. Moreover, the curing temperature potentially changes the hydration products formed during 
hydration. Finally, for highly reactive SCMs, the system is likely to run out of lime due to its low 
initial content. 
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2.1.5 Objectives 
To summarize the state of the art of the different pozzolanic tests, each of them shows some draw-
backs (lack of correlation with strength tests, requirement of an equipment not widely available or 
high skills needed and not easy to disseminate). The main purpose of this study is the development 
of an easy and meaningful test method to evaluate widely available kaolinitic clays. Due to the wide 
number of clays potentially usable for calcined clays worldwide, it is necessary to develop a new 
test able to predict the strength development of LC3 systems in a much faster way than waiting for 
28 days to get the compressive strength results.  
 
Therefore, this study introduces a novel rapid, relevant and reliable (R3) testing approach for as-
sessing calcined clay reactivity. Two ways were studied to assess reactivity.  The first is by measur-
ing the heat release of the exothermal hydration reactions by isothermal calorimetry. Alternatively, 
since such equipment is not available in all laboratories, a simple thermogravimetric method can be 
used to determine the bound water content in the range 110 °C to 400 °C with an oven.   
 
The basis of the test is a paste of calcined clay (and limestone) with portlandite and water, with sul-
fate and alkali levels adjusted to simulate the chemical environment of a hydrating blend. For a 
wide range of calcined kaolinitic clays, the R3 test results were compared to standard compressive 
strength on mortar bars. The modified Chapelle test was run in order to compare the R3 test to a 
commonly used existing testing method.  
 
2.2 Materials and Methods 
2.2.1 Material characterization 
Forty-six different clays of varying kaolinite contents sourced from around the world were used in 
this study. Most of the clays were prepared and calcined at 800 °C for 1 h in a high-temperature 
furnace in our laboratory, according to the protocol described in Appendix 2. The kaolinite content 
wt% kaolinite was determined according to Equation 2.1 by Thermogravimetric Analysis (TGA), from 
the water loss over the kaolinite dehydroxylation interval wt% kaol-OH. M kaolinite and M water refer to 
the molecular weights of kaolinite and water, respectively.  
 
 Eq. 2.1 
 
Some clays from external suppliers were not completely calcined, i.e. some kaolinite was still found 
in the calcined clay. Thus, the calcined kaolinite content in Equation 2.2 was used to consider the 
reactive part of the material, as explained in Appendix 2. wt% kaol-OH, calcined refers to the remaining 
water loss in calcined clay.   
 
wt%kaolinite = wt%kaol−OH ×
Mkaolinite
2Mwater
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 Eq. 2.2 
 
 
The physico-chemical prtoperties of the Portland cement used for the compressive strength tests and 
the limestone are shown in Table 2.1. The Dv,50 was measured by Malvern laser diffraction and the 
specific surface measured by BET nitrogen adsorption. The limestone used was Durcal 5 from Om-
ya Company. The Portland cement was a commercial clinker specially ground with anhydrite from 
Heidelberg Cement, classified as CEMI 42.5R. The calcined kaolinite content and the physico-
chemical properties of the 46 calcined clays are all given in Appendix 2. A wide range of calcined 
kaolinite content from 95.0 % to 7.4 % was characterized. Quartz (B250, Sibelco) was also used 
instead of calcined clay as inert filler. 
 
Table 2.1. XRF composition and physical properties of PC and limestone. 
 PC Limestone 
Dv,50 (µm) 8.4 7.2 
BET Specific 
surface (m2/g) 0.9 1.8 
 XRF composition (wt.%) 
SiO2 19.3 0.1 
Al2O3 5.7 0.0 
Fe2O3 3.6 0.0 
CaO 63.6 55.0 
MgO 1.6 0.2 
SO3 3.2 0.0 
Na2O 0.2 0.1 
K2O 1.2 0.0 
TiO2 0.3 0.0 
P2O5 0.2 0.0 
MnO 0.1 0.0 
Others 0.3 0.0 
LOI 0.8 42.6 
 
2.2.2 Mortar strength tests 
Standard mortars were cast in order to determine the strength development of the blends.  Two sub-
stitution levels of Portland cement were studied. The PPC30 system refers to systems with 30 parts 
of cement substitution by calcined clays. The LC3-50 system refers to cements with 45 parts of sub-
stitution of Portland cement by 30 parts of calcined clay and 15 parts of limestone. Previous work 
demonstrated that a calcined clay to limestone ratio of 2:1 gave the best compressive strength de-
velopment [44]. The cement used in this study contains a proper sulfate content for a plain cement 
hydration. However, the addition of gypsum was chosen in order to prevent the system being under-
sulfated for the blends and to optimise early-age strengths. This gypsum adjustment was determined 
wt%calcined kaolinite = wt%kaolinite −wt%kaol−OH , calcined ×
Mkaolinite
2Mwater
×
100−wt%kaol−OH , calcined
100
#
$
%%
&
'
((
Chapter 2 - Development of a new rapid, relevant and reliable (R3) test method to evaluate the pozzolanic reactivity of calcined 
kaolinitic clays 
12 
by isothermal calorimetry as shown in Appendix 1. Gypsum was added until the separation of sili-
cate and aluminate peaks could be distinguished on heat flow curves. In general the optimal addi-
tion was found to be 2 % gypsum in addition to that already added during grinding of the clinker. 
Thus, the total amount of gypsum present in PPC30 and LC3-50 blends corresponds to the sum of 
the initial sulfate from cement and this addition of 2 %. A 98 %+ grade gypsum from Acros compa-
ny was used for all blends. The exact composition of the different systems is summarized in Table 
2.2.  
 
Table 2.2. System compositions. 
wt.% Clinker Anhydrite  Calcined clay Limestone Gypsum 
PC 93.2 5.9 - - - 
PPC30 64.5 4.1 29.4 - 2.0 
LC3-50 50.6 3.3 29.4 14.7 2.0 
 
 
Mortar bars were cast using a water to cement ratio of 0.5 according to EN-196-1 [57]. Polycarbox-
ylate superplasticizer (Mapei Dynamon SP914, max. 0.6 wt% of the total solid excluding sand) was 
used to ensure comparable workability with PC, as shown in Applendix 4. The mortar bars were 
unmoulded after 1 day and cured in a fog room until tested. The compressive strength measure-
ments were carried out on mortar cubes of 40x40x40 mm at 1, 3, 7, 28 and 90 days after casting.  
2.2.3 Mix design of the R3 test 
The basis of the R3 test is to use a simplified system to isolate the reaction of the calcined clay from 
that of the clinker. The three main components of the simplified system are calcined clay, portland-
ite and, in the LC3-50 system, limestone. In the LC3-50 pastes an identical ratio of calcined clay to 
limestone of 2:1 was used. A water to solid ratio of 1.2 was used for all systems in order to provide 
excess water for the hydration reactions and to obtain a fluid homogeneous paste. The aim of the 
simulated systems was to reproduce the reaction environment of the calcined clay in a real blended 
cement as closely as possible, without actually incorporating hydrating clinker phases as this would 
introduce variability according to the clinker used. Therefore, soluble alkalis and sulfate were added 
1) to reproduce the cement pore solution pH and accelerate the pozzolanic reaction and 2) to lead to 
the formation of similar reaction products as in real blended cements, such as C-A-S-H gel, ettring-
ite and AFm phases.  
 
In a first step in the development of the R3 test mix design the effect of alkali and sulfate additions 
was evaluated. Four different addition levels were investigated for both alkalis and sulfate. Potassi-
um hydroxide and potassium sulfate were added to deionized water to adjust these parameters, 
varying the pH of the mix solution from 13.3 to 13.7. To evaluate the effect of the portlandite to 
calcined clay ratio five different mass ratios were selected. The mix design adjustment is summa-
rized in Table 2.3. Pure potassium sulfate and potassium hydroxide were supplied by Reactolab and 
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Fischer Scientific, respectively. Portlandite was provided by Roth company, with a grade of 96 % 
min. 
 
Table 2.3. Variations in mix design for sulfate, alkali and portlandite to calcined clay mass ratios. 
K2O / Calcined clay 
SO3 / Calcined clay = 0.06 
0.06 0.08 0.10 0.12 
SO3 / Calcined clay 
K2O / Calcined clay = 0.08 
0.02 0.04 0.06 0.08 
Portlandite / Calcined clay 0.33 0.5 1 2 3 
 
 
The variations in mix design were tested at 20 °C on two calcined clays of differing calcined clay 
content, i.e. clays with 95.0 % and 50.3 % of calcined kaolinite. Only results of clay with 95.0 % of 
calcined kaolinite are shown, the results of clay with 50.3% showed identical trends.  
 
Once the optimal mix design had been chosen, the pozzolanic reactivity test was applied to the 
whole set of calcined clays. Tests were carried out in systems without and with limestone for corre-
lation to the compressive strength results of the PPC30 and LC3-50 systems, respectively. 
2.2.4 Methods 
2.2.4.1 Heat flow measurements using isothermal calorimetry 
The cumulative heat of reaction was measured in an isothermal calorimeter (TAM Air) both over 7 
days at 20 °C and 40 °C. The increase in temperature speeds up the pozzolanic reaction, but main-
tains the same hydrate assemblage [58-60].  All the paste ingredients, including the mixing solu-
tions were stored overnight at the same temperature as the test. About 110 g of paste was then 
mixed at 1600 rpm for 2 minutes, 15 g of paste was poured into a glass ampoule, which was closed 
and placed inside the calorimeter. Accompanying samples from the same batch were cast for XRD 
and cured at 20°C and 40°C.  
 
X-Ray Diffraction (XRD) was used to characterize the crystalline phases formed and to follow the 
portlandite consumption. Measurements were carried out on freshly cut paste slices at 1, 4 and 7 
days. The slices were mounted on a XRD sample holder and measured in Bragg-Brentano mode 
using a X’Pert PANalytical diffractometer with CuKα	 source	 operated	 at	 45	 kV	 and	 40	 mA. 
Samples were scanned from 7 to 70 °2θ with a step size of 0.0167 °2θ using a X’Celerator detector, 
resulting in an equivalent time per step of 30 s. 
2.2.4.2 Bound water determination using oven thermal treatment 
Since not all laboratories are equipped with an isothermal calorimeter, an alternative technique 
based on bound water determination is developed to assess the calcined clay reactivity. After mix-
ing the paste samples are cast in plastic containers and sealed at 40 °C for 1 day to reproduce the 
same conditions as the tests carried out at 40 °C using isothermal calorimetry. Then, three 4 mm-
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thick slices were cut for each system using a diamond saw. The slices were dried at 110 °C in an 
oven from Salvis company. Samples were considered dry when the mass change within 1 day did 
not exceed 0.5 %, according to ASTM C642, this condition was fulfilled after 2 days of drying. 
Finally, the bound water was determined according to Equation 2.3 by calculating the mass change 
after heating the samples at 400 °C for 2 h and cooling it down to 100 °C. The thermal treatment 
was limited to 400 °C since higher temperatures would lead to portlandite dehydroxylation, which 
is not desired in this case.  
 
 
Bound water (%) =
m110°C , stabilized −mcooled ,100°C
m110°C , stabilized
 Eq. 2.3 
 
2.2.4.3 Modified Chapelle test 
To compare the new test to existing method, the modified Chapelle test was run on the different 
calcined clays according to NF P18-513 [49]. This test was chosen due to the fact that is claimed to 
give a quick indication of pozzolanic reactivity (within a day) compared to Frattini test. For this 
test, 1 g of calcined clay was mixed with 2 g of calcium oxide and 250 mL of deionized water. 
Blank samples were also prepared without calcined clay and run in parallel to the calcined clay 
samples. The mix was heated at 90 °C for 16 h. Water loss was prevented by a reflux condenser. 
After cooling down to 20 °C, a solution of 60 g of sucrose in 250 mL of deionized water was added 
to complex the calcium ions in solution and to dissolve the unreacted portlandite. The suspension 
was filtered through a Büchner filter and the liquid was titrated with a 0.1 M solution of HCl using 
phenolphthalein as pH indicator. From the volume of HCl solution added, the amount of bound 
portlandite was determined according to Equation 2.4, where V1 and V2 are the volume of HCl add-
ed for the titration of the blank sample and the sample with calcined clay, respectively.  
 
 
mg CH / g calcined clay = 2V1 −V2
V1
×
74
56
×1000  Eq. 2.4 
 
2.3 Results 
2.3.1 Mortar compressive strength  
In Figures 2.1 and 2.2, the compressive strengths of the PPC30 and LC3-50 mortars are shown as a 
function of the calcined kaolinite content of the calcined clays. The plain PC strengths are indicated 
by dotted lines. Already, after 3 days the blend containing the calcined clay with the very high cal-
cined kaolinite content (95 %) is equivalent to the reference plain Portland cement. For the other 
ages (7 days and later), 100 % of the reference strength is obtained for blends containing calcined 
clay with calcined kaolinite content of around 40 %.  
 
Moreover, strengths of both PPC30 and LC3-50 systems are linearly correlated with the calcined 
kaolinite content of calcined clays up to 7 days. This shows that for different clays from various 
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areas with different compositions, secondary phases, fineness and specific surfaces, the strength 
results are almost exclusively dependent on one parameter only: the calcined kaolinite content. 
From 28 days onwards, the strength gain for blends containing calcined clay with more than about 
45% of calcined kaolinite becomes less significant. Furthermore, the LC3-50 systems have strengths 
close to those of the PPC30 systems in spite of their higher replacement ratio (lower clinker con-
tent). The LC3-50 blends benefit from the synergetic addition of calcined clay together with lime-
stone, leading to the formation of more hydrates from the SCMs.  
 
 
Figure 2.1. Correlation of compressive strengths of PPC30 with the calcined kaolinite content of 
calcined clays. Dotted lines indicate PC strengths. 
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Figure 2.2. Correlation of compressive strengths of LC3-50 with the calcined kaolinite content of 
calcined clays. Dotted lines indicate PC strengths. 
 
2.3.2 Optimisation of parameters for R3 pozzolanic activity tests 
2.3.2.1 Sulfate to calcined clay ratio 
Figure 2.3 (a) shows the heat released per gram of solid by isothermal calorimetry for calcined clay 
with 95.0% of calcined kaolinite for the four sulfate to calcined clay mass ratios (cf. Table 2.3). For 
systems with higher sulfate content, i.e. 0.06 and 0.08 sulfate to calcined clay ratios, an early heat 
flow peak appears before 15 h of reaction. XRD patterns at 1 day of hydration in Figure 2.3 (b) in-
dicate that ettringite was formed in these systems. In the low sulfate systems, no early heat flow 
peak was observed and XRD results did not show the formation of ettringite. In the systems with 
low sulfate content the sulfate is rapidly depleted by the calcined kaolinite pozzolanic reaction, con-
suming Al to form AFm phases (mainly Hc) rather than ettringite. The second peak in the calorime-
try curves is related to C-A-S-H and AFm formation.  
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Figure 2.3. Influence of SO3 to calcined clay ratio on the heat released (a) and on the phase assem-
blage (b) for calcined clay 1. On XRD patterns at 1 day of hydration, Ett = Ettringite, Hc = Hemi-
carboaluminate, Mc = Monocarboaluminate. 
 
Figure 2.4 shows the cumulative heat released at 1 day, 2 days and 6 days for the different sulfate to 
calcined clay ratios for the calcined clays with 95.0 % of calcined kaolinite and with 50.3 % of cal-
cined kaolinite. The cumulative heat does not significantly change with the sulfate content. The 
highest heat release is reached for the system with 0.06 sulfate to calcined clay ratio.  
 
 
Figure 2.4. Cumulative heat release at 1 day, 2 days and 6 days as a function of SO3 to calcined clay 
ratio for calcined clay with 95.0 % and 50.3 % of calcined kaolinite. 
 
Thus, the final sulfate to calcined clay ratio for the pozzolanic reactivity test chosen was 0.06. This 
ratio was selected because 1) early ettringite formation is a general and desirable feature of cement 
hydration, and 2) the highest heat release is obtained for this ratio, indicating that higher sulfate 
levels slow down the pozzolanic reaction.  
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2.3.2.2 Alkali to calcined clay ratio 
The heat released per gram of solid for the four different alkali to calcined clay mass ratios (cf. Ta-
ble 2.3) is shown in Figure 2.5 (a) for the calcined clay with 95.0 % of calcined kaolinite. An early 
heat flow peak related to ettringite formation was observed only for the two lowest alkali to cal-
cined clay ratios, i.e. 0.06 and 0.08. This was confirmed by XRD in Figure 2.5 (b). As expected the 
pozzolanic reaction of calcined kaolinite is enhanced in more alkaline solutions as seen from the 
increasing height of the main calorimetry peak [61, 62]. AFm phases form rather than ettringite for 
high alkaline solutions due to the decrease of the ion activity product for ettringite with increasing 
pH [63]. The alkali U-phase is not observed because this phase only occurs for pH higher than 14 
[64].   
 
 
Figure 2.5. Influence of K2O to calcined clay ratio on the heat released (a) and on the phase assem-
blage (b) for calcined clay 1 (SO3/calcined clay ratio of 0.06). On XRD patterns at 1 day of hydra-
tion, Ett = Ettringite, Hc = Hemicarboaluminate, Mc = Monocarboaluminate. 
 
The final alkali to calcined clay ratio was chosen at 0.08 to enable both ettringite formation and 
high calcined clay reactivity.  
 
2.3.2.3 Portlandite to calcined clay ratio 
The effect of changing the portlandite to calcined clay ratio was investigated using the sulfate and 
alkali ratios previously determined (0.06 and 0.08, respectively). Calorimetry curves are shown in 
Figure 2.6 (a) for calcined clay with 95.0 % of calcined kaolinite. The results show that the cumula-
tive heat release reaches a plateau for systems having portlandite to calcined clay mass ratios of 1/1, 
1/2 and 1/3. The plateau is reached sooner and at a lower cumulative heat release for mixes with 
lower portlandite contents. The XRD patterns at 4 days in Figure 2.6 (b) demonstrate the absence of 
portlandite in all mixes that reached the plateau. The extent of reaction of the calcined clay depends 
on the amount of portlandite available as reactant. As soon as portlandite is completely consumed, a 
plateau is reached and overall reaction rates are reduced.  
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Figure 2.6. Cumulative heat released for the five portlandite to calcined clay ratios for calcined clay 
1 (a), the reaching of the plateaus being related to the complete CH consumption as observed by 
XRD at 4 days of hydration (b). Ett = Ettringite, CH = Portlandite. 
 
In order to assess the intrinsic reactivity of the calcined clays, it was decided to use a 3/1 ratio for 
the mix design. This way the portlandite reactant will always be in excess and the main factor con-
trolling the reaction kinetics is the calcined clay. The resulting optimal mix design developed for the 
new pozzolanic reactivity test is presented in Table 2.4. A much lower amount of material is needed 
compared to mortar test.  
 
Table 2.4 Final mix design of pozzolanic test. 
System 
Calcined 
Clay (g) 
Portlandite 
(g) 
Calcium car-
bonate (g) 
K2SO4 (g) KOH (g) H2O (g) 
Simulating 
PPC30 system 
 
12.50 37.50 0 1.47 0.32 60 
Simulating 
LC3-50 system 
11.11 33.33 5.56 1.31 0.28 60 
 
2.3.3 Application of the R3 test to calcined clays: heat flow measurements 
2.3.3.1 Tests carried out at 20 °C 
The heat released per gram of solid during hydration of all the calcined clays studied is presented in 
Figures 2.7 (a) and 2.8 (a) for systems without and with limestone, respectively. In both cases, the 
calcined clay with 95 % of calcined kaolinite content reacts the most, whereas the quartz system is 
the least reactive. These results are in agreement with the compressive strength results. For systems 
without limestone, XRD patterns in Figure 2.7 (b) clearly show the formation of monosulfoalumi-
nate phase for all systems at 7 days, due to the absence of calcite. An AFm solid solution sulfate, 
carbonate and hydroxide together (discussed by Pöllmann [65]) also forms as seen by the peak at 
10.5 °2θ (CuKα). Ettringite forms at earlier ages, but with the continuing dissolution of the calcined 
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clay, the aluminate to sulfate ratio increases, leading to the consumption of ettringite and the for-
mation of monosulfoaluminate phase. For systems with limestone, carboaluminates form and 
ettringite remains present in the systems, as shown in Figure 2.8 (b). Moreover, the height of the 
peaks of the carboaluminates increase with the calcined kaolinite content of calcined clays.  
 
 
Figure 2.7. (a) Heat released for calcined clay-portlandite blends without limestone at 20 °C.  
(b) XRD patterns at 7 days, Ms = Monosulfoaluminate, Hc = Hemicarboaluminate, CH = Portland-
ite, AFmss = solid solution containing sulfate, carbonate and hydroxyl. 
 
 
Figure 2.8. (a) Heat released for calcined clay-portlandite-limestone blends at 20 °C.  
(b) XRD patterns at 7 days of hydration, Ett = Ettringite, Hc = Hemicarboaluminate, Mc = Mono-
carboaluminate, CH = Portlandite. 
 
To compare with the compressive strength results from 1 to 90 days, cumulative heat values were 
taken at 6 days of reaction because the reaction significantly slows down at this age. Figures 2.9 and 
2.10 show that good linear correlations are obtained at all ages between the heat released for the 
calcined clay-portlandite and calcined clay-portlandite-limestone model systems and the strengths 
for PPC30 and LC3-50 systems, respectively.  
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Figure 2.9. Correlation between PPC30 mortar strength (20°C) and cumulative heat released at 6 
days of hydration for isothermal calorimetry run at 20 °C for calcined clay-portlandite model sys-
tems. 
 
Figure 2.10. Correlation between LC3-50 mortar strength (20°C) and cumulative heat released at 6 
days of hydration for isothermal calorimetry run at 20 °C for calcined clay-portlandite-limestone 
model systems. 
 
2.3.3.2 Impact of temperature 
Figures 2.11 (a) and 2.12 (a) show that increasing the temperature for the isothermal calorimetry 
from 20 to 40 °C accelerates the pozzolanic reaction. No major change in phase assemblage is ob-
served at 1 day in Figures 2.11 (b) and 2.12 (b), except for the ettringite peaks which are lower or 
absent for systems with limestone. This is likely due to the acceleration of the pozzolanic reaction 
of metakaolin and the increase of ettringite solubility with temperature [63]. The heat released after 
only 1 day at 40 °C is globally similar to the heat released at 6 days at 20 °C and the heat evolution 
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also slows down at this time. Thus, the correlations to strengths are based on the 1 day heat values. 
In addition to the clays tested at 20 °C, most-recently received clays were also tested at 40 °C and 
all correlations to strength results are shown in Figures 2.13 and 2.14. Due to the higher number of 
calcined clays tested, the correlation coefficients are slightly lower to the coefficients obtained at 20 
°C. Still very good correlations are obtained.   
 
 
Figure 2.11. (a) Heat released for calcined clay-portlandite blends without limestone at 40 °C.  
(b) XRD patterns at 1 day of hydration at 40 °C. Ms = Monosulfoaluminate Hc = Hemicarboalumi-
nate, CH = Portlandite, AFmss = solid solution containing sulfate, carbonate and hydroxyl. 
 
 
Figure 2.12. (a) Heat released for calcined clay-portlandite-limestone blends at 40 °C.  
(b) XRD patterns at 1 day of hydration at 40 °C. Hc = Hemicarboaluminate, Mc = Monocarboalu-
minate, CH = Portlandite. 
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Figure 2.13. Correlation between PPC30 mortar strength (20°C) and cumulative heat released  
at 1 day of hydration for isothermal calorimetry run at 40 °C  
for calcined clay-portlandite model systems. 
 
 
Figure 2.14. Correlation between LC3-50 mortar strength (20°C) and cumulative heat released  
at 1 day of hydration for isothermal calorimetry run at 40 °C  
for calcined clay-portlandite-limestone model systems. 
 
2.3.3.3 Repeatability 
To control the repeatability of the R3 test, three independent tests were carried out on clay with 
50.3% of calcined kaolinite, with and without limestone, as shown in Figure 2.15 (a) and (b), re-
spectively. The standard deviations were calculated based on the heat values at 6 days and 1 day for 
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tests run at 20 °C and 40 °C, respectively. Their values are shown in Table 2.5. The standard devia-
tions are very small.  
 
 
Figure 2.15. Reproducibility tests on blends containing calcined clay with 50.3% of calcined kaolin-
ite at 20 °C and 40 °C without (a) and with limestone (b). Heat values at 6 days and 1 day (dotted 
lines) are used to calculate the standard deviations. 
 
Table 2.5. Standard deviation values for blends containing calcined clay  
with 50.3% of calcined kaolinite. 
Testing 
temperature Model system 
Standard deviation  
(J/g) (%) 
20 °C 
Calcined clay-portlandite 1.34 1.01 
Calcined clay-portlandite-limestone 2.80 2.02 
40 °C 
Calcined clay-portlandite 1.86 1.61 
Calcined clay-portlandite-limestone 1.79 1.46 
 
 
2.3.4 Bound water determination 
Figures 2.16 and 2.17 show that linear correlations are obtained between strength and bound water 
for systems without and with limestone, similar to the correlations with the heat released at 1 day. 
Therefore, the bound water indicator is also a relevant method to predict the strength development 
of blends.  
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Figure 2.16. Correlation of PPC30 mortar strength (20°C) with bound water after 1 day of hydration 
at 40°C for calcined clay-portlandite model systems. 
 
 
Figure 2.17. Correlation of LC3-50 mortar strength (20°C) with bound water after 1 day of hydra-
tion at 40°C for calcined clay-portlandite-limestone model systems. 
 
Moreover, the correlation with the heat release values at 1 day for systems without and with lime-
stone in Figures 2.18 and 2.19 clearly shows the reliability of the R3 test using the bound water de-
termination.  
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Figure 2.18. Correlation of bound water and cumulative heat released after 1 day of hydration at 
40°C for calcined clay-portlandite model systems. 
 
Figure 2.19. Correlation of bound water and cumulative heat released after 1 day of hydration at 
40°C for calcined clay-portlandite-limestone model systems. 
 
2.3.5 Comparison with the modified Chapelle test 
Figure 2.20 shows the portlandite consumption for the calcined clays ranked in order of their cal-
cined kaolinite content. The consumption of portlandite globally increases with the calcined kaolin-
ite content. Also the quartz system shows some portlandite consumption, this is due to the elevated 
Chapter 2 - Development of a new rapid, relevant and reliable (R3) test method to evaluate the pozzolanic reactivity of calcined 
kaolinitic clays 
27 
temperature of the test. This pozzolanic reactivity of quartz has already been observed for blends at 
80 °C [66].  
 
 
Figure 2.20. Portlandite consumption from Chapelle test for the different calcined clays. 
 
The prediction of strengths based on the modified Chapelle test is also good, somewhat more scatter 
is observed for higher calcined kaolinite contents, as shown in Figures 2.21 and 2.22 for PPC30 and 
LC3-50 blends, respectively.  
 
 
Figure 2.21. Correlation of PPC30 mortar strength (20°C)  
with the portlandite consumption in the modified Chapelle test. 
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Figure 2.22. Correlation of LC3-50 mortar strength (20°C)  
with the portlandite consumption in the modified Chapelle test. 
 
Finally, the comparison with the heat released at 1 day and the bound water from the R3 test in Fig-
ures 2.23 and 2.24 shows that the portlandite consumption is well correlated with the outputs of the 
R3 test.  
 
 
Figure 2.23. Correlation of portlandite consumption in the modified Chapelle test  
and cumulative heat released at 1d at 40°C for calcined clay-portlandite model systems. 
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Figure 2.24. Correlation of portlandite consumption in the modified Chapelle test  
and cumulative heat released at 1d at 40°C for calcined clay-portlandite-limestone model systems. 
 
Thus, the new R3 test provides at least similarly reliable indications of the reactivity of calcined 
kaolinitic clays as the modified Chapelle test. In comparison to the modified Chapelle test which is 
performed at 90 °C and without addition of alkali or sulfate the proposed R3 tests are closer to the 
reaction environment in Portland cement system.  
 
2.4 Conclusion 
This study shows that similar compressive strengths to plain PC are obtained for calcined clays with 
a calcined kaolinite content ≥40 % from 7 days onwards, demonstrating the feasibility of using low-
grade kaolinitic calcined clays as a cement substitute, even for LC3-50 blends containing only 50 % 
of clinker. The strengths of PPC30 and LC3-50 blends linearly increase with the calcined kaolinite 
content of calcined clays from 1 to 7 days. The calcined kaolinite content parameter is the over-
whelming factor determining strength development accounting for more than 85 % of the variation 
from 7 days onwards. Other factors, such as the secondary phases present, fineness and method of 
calcination do not account for more than 15 % of the variability. At 28 days and 90 days, the in-
crease of strength with the calcined kaolinite content becomes less significant for clays with more 
than 45% of calcined kaolinite. Thus, there is only a little additional benefit of using calcined clays 
in LC3-50 with more than 50-60% of calcined kaolinite.  
 
For the development of the new R3 test, the mix design was adjusted in order to reproduce typical 
conditions for cement systems. The optimal mix design was 0.06 SO3/Calcined clay and 0.08 
K2O/Calcined clay mass ratios in order to get ettringite formation and to ensure high pozzolanic 
reactivity. Portlandite to calcined clay mass ratio was fixed to 3 so as not to run out of portlandite.  
The R3 test using isothermal calorimetry gives a rapid indication of calcined clay reactivity, after 6 
days for tests carried out at 20 °C and 1 day at 40 °C, using significantly lower amount of material 
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compared to mortar test. Linear correlations with compressive strengths are obtained for all ages, 
proving the relevance of this test. Increasing the testing temperature to 40 °C does not affect the 
correlations and it is therefore considered to be a valid way of reducing the test duration from 6 
days to 1 day. Small variability ensures good reliability for this test. 
 
The R3 test using bound water determination after heating to 400 °C shows very closely-related 
results to the heat released at 1 day. Bound water values are linearly correlated to strength results. 
The bound water determination method does not require any specific equipment except an oven 
able to reach 400 °C. Despite its slightly longer experiment time (2.5-3 days instead of 1 day for the 
calorimetry experiment), this method can be applied in nearly all laboratories with basic equipment. 
Similar correlations to the existing modified Chapelle test are obtained for the R3 test, bringing the 
R3 test as an alternative testing method which is more practical and closer to reaction conditions in 
real Portland cement systems.  
 
Thus, the R3 test outputs are found to be well correlated with the compressive strength, supporting 
the use of the new test as a predictive tool for compressive strength at both the short and the long 
term. This test can also be applied for optimizing the calcination temperature of a clay, as shown in 
Appendix 3. Other SCMs are also tested to demonstrate the reliability of the R3 test at least for slags 
and fly ashes. 
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3 Chapter 3 - Determination of the amount of re-
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3.1 Introduction 
Calcined clays are receiving increasing attention as supplementary cementitious materials (SCMs). 
The supplies of traditional SCMs (fly ash and slag) are limited compared to the amount of clinker 
produced. The only widely available materials able to meet the increasing demand of cement pro-
duction are calcined kaolinitic clays [9]. Calcined kaolinitic clays show the highest pozzolanic po-
tential among the different kinds of clays, thanks to the formation during calcination of the highly 
reactive amorphous metakaolin phase [22]. There have been numerous previous studies on the use 
of pure metakaolin, but clays with a lower kaolinite content are much more promising for a massive 
use in cement due to their wide availability, and low cost, as in Limestone Calcined Clay Cements 
(LC3) [67]. The measurement of the degree of reaction of metakaolin for these various grades of 
calcined clays is a key step to better understand the influence of the grade of clay on the properties 
of cementitious blends containing calcined clays.  
 
Methods for the determination of the reaction degree of SCMs were reviewed by Scrivener and al. 
[68].  
- Nuclear Magnetic Resonance (27Al and 29Si) can be used with a good accuracy [69-71]. 
However, this technique is not readily available, it is expensive and a major issue is the 
presence of paramagnetic iron ions (Fe3+) [72] coming from cement and in impure calcined 
clays, where iron oxide is frequently found as a secondary phase. These ions are responsible 
for decreasing the magnetization during the experiment, influencing the reliability of the re-
sults.  
- Image analysis cannot be used to accurately quantify the amount of reacted metakaolin due 
to the fine nature of calcined clay particles.  
- Calorimetry was thought to be a promising method, but Berodier [29] showed that the long 
term reaction of the clinker is affected by reactive SCMs so errors are produced when the 
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output is compared to that of an inert material.  Moreover, the specific heat of hydration of 
metakaolin reaction is unknown.  
- Antoni and al. [43] estimated the degree of reaction of metakaolin from the portlandite con-
sumption.  However, his method underestimates the real reaction degree of metakaolin, be-
cause it is assumed that the C-A-S-H composition measured is only related to the reaction of 
metakaolin. This method does not take into account the change in composition of the C-A-
S-H coming from the reaction of clinker [73].  
 
In this study, three methods are compared to determine the amount of reacted metakaolin. First, 
a global mass balance is investigated considering all the phases involved during hydration, as 
proposed by Durdzinski et al. [74], but with a fitting for the reaction degree of metakaolin. Us-
ing the same inputs as mass balance, a thermodynamic modelling approach is used with the 
Gibbs Free Energy Minimization Software (GEMS). Finally, the Partial Or Not Known Crystal-
line Structure method (PONKCS) based on XRD Rietveld analysis is used, which has shown 
previously promising results on high-grade metakaolin [62].  
 
3.2 Methods 
3.2.1 Mass balance 
“Mass balance” is a method for calculating the hydrated phase assemblage. The amounts of each 
oxide coming from the reacted anhydrous phases are redistributed between the hydrate phases 
known to form [75]. The amount of reacted components coming from clinker phases, limestone and 
gypsum was considered. Since the degree of reaction of metakaolin is unknown, its amount is the 
free variable of the system. It is determined from the best agreement of the mass balance outputs 
with experimental data.   
 
The sum of the different oxides coming from all the reacting phases are considered: CaO, SiO2, 
Al2O3, Fe2O3, SO3, CO2 and MgO. Then a series of steps are used to calculate the amounts of the 
different phases formed, analogous to the Bogue calculation for the anhydrous phases in Portland 
cement. The sequence of steps is as follows:  
- All MgO is considered to form hydrotalcite like phase M4AH10, subtracting the Al2O3 con-
tribution from the initial Al2O3 amount available for the formation of hydration products. 
- All Fe2O3 is then considered to form Fe-siliceous hydrogarnet C3FS0.84H4.32, which is more 
stable than Fe-ettringite and Fe-AFm phases [76]. The required amounts of silicon and cal-
cium oxides used for hydrogarnet formation are subtracted from their initial available con-
tent. 
- All the remaining SiO2 is then considered to be in C-A-S-H. Knowing the Al/Ca, Si/Ca rati-
os for the different systems at all ages by Scanning Electron Microscopy in Energy Disper-
sive X-Ray Spectroscopy mode (SEM-EDX), the aluminium and calcium contributions are 
subtracted. 
- The quantity of ettringite C3A.3(C$)H32 is taken as that measured by  X-Ray Diffraction - 
Rietveld method and from this the amounts of SO3 CaO and Al2O3 are subtracted. Another 
strategy would consist of consuming all SO3 for the formation of ettringite. But this leads to 
errors due to the sulfate adsorption in C-A-S-H.  
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- The remaining Al2O3 is used for the formation of monocarboaluminate C4ACH11, consum-
ing the available CO2. Al2O3 was used as the limiting factor of the reaction rather than CO2 
because of the relative difficulty for the quantification of calcite by XRD-Rietveld.  
- The amount of remaining CaO is used to form portlandite CH.  
With the increase of the metakaolin reaction, extra SiO2 and Al2O3 are provided to the system. To 
determine the amount of reacted metakaolin, calculations are made at steps of 1% metakaolin reac-
tions and then plotted against the amount of portlandite.  The real amount of metakaolin reactions 
can then be estimated from the portlandite content measured by XRD-Rietveld results.  
 
3.2.2 Thermodynamic modelling 
For thermodynamic modelling, the same oxide contributions as mass balance are used as an input. 
The Gibbs Free Energy Minimization Software (GEMS) is used [77], with the Cemdata14 database 
[78] and the CSHQ model from Kulik for C-S-H [79]. Al-incorporation in C-A-S-H was fixed for 
each system based the Al/Si ratio obtained by SEM-EDX point analysis. According to recent results 
by 1H-NMR from Müller [80], the density of C-S-H used is 2.00 g.cm-3. Moreover, 4 water mole-
cules per silicate ion were considered. Thus, the amount of C-A-S-H and water given by thermody-
namic modelling are corrected to include the same water content as the C-A-S-H used by mass bal-
ance. As for mass balance, the amount of reacted metakaolin was determined when the same port-
landite content as experimental XRD-Rietveld was obtained. 
 
3.2.3 PONKCS method 
The traditional use of XRD-Rietveld analysis is limited to the quantification of crystalline phases 
and the total amorphous content. For hydrated calcined clay blended cement, the amorphous part is 
mainly composed of C-A-S-H and unreacted metakaolin. The quantification of the distinct amor-
phous humps from these two phases is made possible by the PONKCS method [62, 73, 75]. 
 
Using Rietveld analysis, the weight content of a phase α can be obtained according to Equation 3.1, 
by comparing the scale factor Sα to the scale factor of the external standard Sstd measured under the 
same conditions. The differences of phase density ρ and volume V between the phase α and rutile 
are considered, as well as the different mass absorption coefficients µ.  
 
 
w
α
=
S
α
ρV 2( )
α
µmixwstd
Sstd ρV
2( )std µstd
 Eq. 3.1 
 
For amorphous materials, the phase constants are unknown. The phase constants can be calibrated 
according to Equation 3.2, where a sample composed of a known quantity of amorphous material is 
analysed. The phase volume is set to 1 to simplify the calculation, leaving ρPonkcs as the only un-
known of the system.  
 
 
ρPonkcsV
2 =
KstdwPonkcs
SPonkcsµmix
 Eq. 3.2 
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Once ρPonkcs is determined, the amount of each amorphous phase can be found from Equation 3.1. 
The determined ρPonkcs has no physical meaning but it can be used in Rietveld analysis to obtain the 
content of the amorphous phases. 
 
3.3 Materials 
3.3.1 Characterization of raw and calcined materials 
The number of calcined clays tested was reduced compared with Chapter 2. Six different clays were 
used, still covering a wide range of composition. The clay calcination was either carried out at 
EPFL at 800 °C for 1 h in a high-temperature oven or by external companies using flash or furnace 
calcination. Thermogravimetric Analysis (TGA) using the tangent method [81] was used on raw 
and calcined materials to determine the metakaolin content of calcined clays. The calculation to get 
the metakaolin content wt% metakaolin is detailed in Appendix 2, and is obtained according to Equa-
tion 3.3, where wt%  kaol-OH, raw is the water loss during the dehydroxylation step of kaolinite from 
approx. 400°C to 600°C leading to the formation of metakaolin [15, 18, 22]. M kaolinite (258.16 
g.mol-1) and M water (18.02 g.mol-1) refer to the molecular weights of kaolinite and water, respec-
tively. This metakaolin value obtained has to be normalized to the final weight of the calcined clay 
since the sample mass does not remain constant during the calcination process. TGA was also run 
on calcined clays to assess the efficiency of calcination. In case of incomplete calcination, the 
amount of uncalcined material was subtracted based on the remaining water loss corresponding to 
kaolinite dehydroxylation wt% kaol-OH, calcined.  
 
 Eq. 3.3 
 
For all calcined clays, the metakaolin content is indicated in Table 3.1. The secondary phases were 
quantified by XRD-Rietveld analysis. The X-Ray Fluorescence chemical composition, the DV,50 
and the specific surface are shown in Appendix 2. The significant amorphous content observed by 
XRD-Rietveld for calcined clays 18 and 29 is mainly composed of SiO2 as well as Al2O3 and Fe2O3, 
as calculated by the difference between XRF chemical composition and the phase composition by 
XRD-Rietveld. Limestone Durcal 5 from Omya company is used, and the Portland cement (PC) is a 
commercial CEM I 42.5R from Heidelberg Cement. The cement phase composition is shown in 
Table 3.2.  
 
 
 
 
 
 
 
 
 
wt%metakaolin = wt%kaol−OH , raw ×
Mmetakaolin
2Mwater
×
100
100−wt%kaol−OH , raw
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(
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Table 3.1. Phase composition of calcined clays. 
Calcined clay 1 3 9 18 29 43 
Origin of clay 
North 
America 
South 
Asia 
South 
America 
South-east 
Asia 
South 
America 
South 
Asia 
Calcination Flash Furnace Flash Furnace Furnace Furnace 
 Phase composition (wt.%) 
Metakaolin 94.2 76.8 64.4 46.5 31.7 15.0 
Anatase 1.2 1.9 1.1 0.6 0.7 0.2 
Hematite - 0.2 - 10.0 1.7 3.9 
Illite - - 1.7 - - 36.2 
Kaolinite - - 11.6 - 3.7 - 
Mullite 4.6 - - 1.2 - - 
Quartz - 0.4 0.6 0.8 24.5 32.2 
Rutile - - - - 4.3 1.5 
Amorphous 0 20.7 20.6 40.9 33.4 11.0 
 
Table 3.2. Cement phase composition. 
Clinker Content (wt.%) Clinker Content (wt.%) 
Alite 65.1 Periclase 0.8 
Belite 5.3 Arcanite 1.7 
Aluminate 7.2 Anhydrite 5.9 
Ferrite 13.9   
 
3.4 Analytical details 
3.4.1 Paste sample preparation 
LC3-50 pastes were cast using 55 parts of cement, and a combination of 30 parts of calcined clay 
and 15 parts of limestone. The cement used in this study contains an adequate sulfate content for a 
plain Portland cement hydration. For LC3-50 blends, the addition of 2% extra gypsum (Acros, 98+ 
grade) was needed to avoid undersulfation, as detailed in Appendix 1. Thus, the LC3-50 blends were 
composed of 53.9% of cement (50.6% of clinker and 3.3% of anhydrite), 29.4% of calcined clay, 
14.7% of limestone and 2% of gypsum addition. 
 
A water to binder ratio of 0.4 was used for the paste casting. Pastes were mixed at 1600 rpm for 2 
min. Similar workability between the different LC3-50 blends was obtained using polycarboxylate 
superplasticizer (Mapei Dynamon SP914). The amount of superplasticizer required increases with 
the metakaolin content, up to 1.4% of total solid mass, as described in Appendix 4. Pastes were 
sealed cured at 20°C. 3 mm-thick slices for X-Ray Diffraction (XRD) and Scanning Electron Mi-
croscopy (SEM) were cut at 1, 3, 7, 28 and 90 days of hydration. Fresh slices were used to carry out 
XRD measurements combined with the Rietveld refinement method. For SEM and XRD/PONKCS 
samples, isopropanol was used to stop hydration. The solvent was changed after 1 h, 1 day and 3 
days. Samples were then stored in a desiccator under vacuum for at least 3 days. For SEM, samples 
were then impregnated in epoxy resin and polished using sprays of diamond particles of 9, 3 and 1 
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µm for 20 min, 2 h and 3 h, respectively. A 15-nm carbon coating was finally applied to prevent 
charging effect.  
 
3.4.2 Mass balance and thermodynamic modelling 
3.4.2.1 Consumption of anhydrous phases 
XRD-Rietveld analysis was used to quantify the amount of unreacted clinker phases, limestone and 
gypsum at 1, 3, 7, 28 and 90 days. The consumption of these phases is used as input for mass bal-
ance and thermodynamic modelling. XRD also permitted us to quantify the ettringite content used 
for mass balance. Hemi- and monocarbonate phases were also measured to be compared with the 
outputs of mass balance and thermodynamic modelling. Fresh samples were used for the phase 
quantification by XRD-Rietveld analysis to make sure that hydrated phases did not undergo any 
partial dehydration due to the hydration stopping method (isopropanol and vacuum drying) [81]. 
XRD patterns were acquired with Bragg-Brentano mode with a X’Pert PANalytical diffractometer 
with CuKα radiation operated at 45 kV and 40 mA. Samples were scanned from 5 to 70 °2θ with a 
step size of 0.0167 °2θ using a X’Celerator detector. The equivalent time per step was 30 s, result-
ing in a total measurement time of 15 min per scan. Rutile was used as external standard.  
 
3.4.2.2 Composition of clinker phases 
Since clinker phases do not exactly have their stoichiometric compositions, a SEM/EDX point anal-
ysis was carried out to more precisely determine the contribution of each main oxide to the hydra-
tion reactions. The compositions of the clinker phases are shown in Table 3.3 and are very close to 
the typical values given by Taylor [82].  
 
Table 3.3. Clinker phase composition determined by SEM/EDX point analysis. 
wt%. Alite Belite Aluminate Ferrite 
CaO 70.68 62.07 56.68 48.50 
SiO2 24.81 31.28 4.74 4.85 
Al2O3 1.14 1.43 28.02 18.79 
Fe2O3 0.74 1.11 5.11 21.07 
MgO 1.03 0.62 0.91 3.55 
Na2O 0.29 0.47 1.38 0.59 
K2O 0.88 1.75 2.97 0.91 
SO3 0.08 0.18 0.13 0.15 
TiO2 0.13 0.22 0.01 1.39 
P2O5 0.22 0.87 0.05 0.22 
 
3.4.2.3 C-A-S-H composition 
To determine the C-A-S-H composition used for mass balance and thermodynamic modelling cal-
culations, a FEI Quanta 200 SEM was used with an accelerating voltage of 15 kV on polished 
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cross-sections, with a working distance of 12.5 mm, and a spot size adjusted to get a current of ap-
prox. 0.8 nA. The determination of C-A-S-H composition was obtained by Energy Dispersive X-
Ray Spectroscopy (EDX) on 200 points per sample per age according to the method of Rossen [83]. 
In order to get a more accurate composition of C-A-S-H, the inner product was selected for analysis 
to minimise the intermixing with other phases present in the microstructure. The composition of 
inner and outer C-A-S-H is very similar if the intermixing is carefully taken into account for outer 
C-A-S-H [84]. Figure 3.1 shows an example of the significant differences in terms of Al/Ca and 
Si/Ca ratios for C-A-S-H for PC and LC3-50 (46.5%) at 28 days of hydration. The small coloured 
symbols represent all the points analysed for each system, and the large symbols show the composi-
tion of the “pure” C-A-S-H (the least intermixed). 
 
 
Figure 3.1. Al/Ca versus Si/Ca ratio of C-A-S-H  
for PC and LC3-50 (46.5%) at 28 days of hydration. 
 
3.4.3 PONKCS 
3.4.3.1 XRD data collection 
For the PONKCS method, the protocol described in [62] was used. Similar parameters as Rietveld 
measurements were used, except the equivalent time per step which was increased to 60 s to get a 
better signal to noise ratio, increasing the total measurement time to 30 min per scan. Dried samples 
were used to get a similar background for all samples. 2 g of sample were ground for 5 min in a 
ceramic mortar to make sure that the particle size of the powder is similar for each test. This amount 
of sample was chosen to ensure a short grinding time in order to limit the potential carbonation of 
the hydration products. The samples were back-loaded to minimize preferred orientation. Topas-
Academic v6.0 software was used to perform the Rietveld analysis. 
 
For all tested samples, a zero-order Chebyshev polynomial accompanied by 1/x term was used to fit 
the background. The hump of C-A-S-H was defined from using sets of pseudo Voigt peaks on a 7-
year old hydrated white cement, and the metakaolin hump was defined using one asymmetric split 
pseudo Voigt peak (as shown in Figure 3.3 (b)) [62]. The amorphous hump for metakaolin was de-
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fined on the purest metakaolin sample, specifically the calcined clay containing 94.2% of me-
takaolin. This metakaolin hump was then applied to the other calcined clays, after making sure that 
the position of the amorphous hump is similar for all calcined clays samples, as shown in Figure 
3.2. ρPonkcs was then determined, using wPonkcs as the metakaolin content of each calcined clay (cf. 
Table 1). For a metakaolin content lower than 75% in calcined clay, amorphous impurities do not 
permit to get a good fit using the metakaolin hump only. Thus, a second hump (namely the impurity 
hump) was introduced to model the global amorphous hump of the calcined clay, as well as some 
short-term ordering of metakaolin structure [85, 86]. Figure 3.3 (a) shows the two humps used to fit 
the calcined clay containing 64.4% of metakaolin. For hydrated blends, the parameters of these 
amorphous humps were kept fixed except the scale factor. The contribution of the C-A-S-H and the 
calcined clay humps to the calculated pattern for LC3-50 (64.4%) at 28 days of hydration is shown 
in Figure 3.3 (b).  
 
 
Figure 3.2. XRD patterns of calcined clays. The main peaks of illite (I), uncalcined kaolinite (K), 
quartz (Q), mullite (M), rutile (R) and hematite (H) are indicated. 
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Figure 3.3. Decomposition of the XRD pattern of the calcined clay containing 64.4% of metakaolin 
(a) and of the LC3-50 (64.4%) at 28 days of hydration (b) with the contributions of C-A-S-H, me-
takaolin and the secondary hump of calcined clay. 
 
3.5 Results 
3.5.1 Mass balance and thermodynamic modelling 
An example of mass balance procedure and thermodynamic modelling applied to LC3-50 (94.2%) at 
28 days of hydration is shown in Figure 3.4 (a) and (b), respectively. The amount of reacted me-
takaolin in the calcined clay is shown up to 45% in order to focus on the range of interest (until the 
end of portlandite consumption). The phase assemblage predicted by both methods is very close, 
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especially in the range from 20 to 40% of reacted metakaolin. With the increase of the amount of 
reacted metakaolin, portlandite gets consumed, leading to the formation of C-A-S-H and monocar-
boaluminate. Below 15% of reacted metakaolin, the mass balance method does not predict any for-
mation of carboaluminate hydrates because the input of aluminium is all used to form hydrotalcite, 
C-A-S-H and ettringite. Hydrotalcite, hydrogarnet and ettringite contents are independent of the 
amount of reacted metakaolin, since their amount is limited by the availability of MgO, Fe2O3 and 
SO3. Below 10% of reaction, thermodynamic modelling predicts a lower amount of ettringite and 
no carboaluminate hydrates. This is also due to the lack of aluminium in the system. Most of alu-
minium is used for C-A-S-H formation, based on a constant Al/Si ratio independent of the amount 
of reacted metakaolin. Thermodynamic modelling starts predicting strätlingite in LC3-50 systems 
after complete reaction of portlandite (from 35% of reacted metakaolin onwards).  
 
 
Figure 3.4. Phase assemblage of LC3-50 (94.2%) at 28 days of hydration  
using mass balance (a) and thermodynamic modelling (b). 
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The determination of the reacted metakaolin is shown in Figure 3.5 for the same system. Portlandite 
gets consumed as the amount of reacted metakaolin increases. The amount of reacted metakaolin is 
estimated from the actual portlandite content from experimental XRD-Rietveld data (horizontal 
line). The grey and blue solid lines show the portlandite as a function of reacted metakaolin from 
mass balance and thermodynamic modelling, respectively. The dashed lines represent the experi-
mental error of portlandite quantification by XRD-Rietveld analysis. This gives the errors on the 
determination of the amount of reacted metakaolin. 
 
 
Figure 3.5. Determination of the degree of reaction of metakaolin for mass balance and  
thermodynamic modelling for LC3-50 (94.2%) at 28 days of hydration. 
 
Mass balance and thermodynamic modelling were applied to the different LC3-50 systems, and the 
results obtained at 1, 3, 7, 28 and 90 days of hydration are shown in Figure 3.6 (a) and (b), respec-
tively. It shows that at 1 and 3 days, the amount of reacted metakaolin is globally similar for all 
systems except for the LC3-50 (15.0%) which is lower. From 7 days onwards, the amount of reacted 
metakaolin globally increases with the metakaolin content by mass balance. However, the ampli-
tude of the increase decreases with the metakaolin content. The amount of reacted metakaolin by 
thermodynamic modelling is quite similar for calcined clays containing more than 50% of me-
takaolin.  
 
The correlation of the amount of reacted metakaolin by mass balance and by thermodynamic mod-
elling is shown in Figure 3.7. The results obtained until 7 days are very similar between both meth-
ods. At 28 and 90 days, thermodynamic modelling predicts a slightly lower amount of reacted me-
takaolin. This difference could be explained by the C-S-H model used in this method. The Ca/Si 
ratio of C-S-H model is 1.63 (C1.63SH2.9), whereas the measured Ca/Si ratios by SEM-EDX are 
lower (1.49 to 1.58). Thus, more calcium is used in thermodynamic modelling for the formation of 
C-S-H. As a consequence, the amount of portlandite left is lower, leading to a slight decrease of the 
amount of reacted metakaolin.  
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Figure 3.6. Amount of reacted metakaolin for the different LC3-50 blends at 1, 3, 7, 28 and 90 days 
determined by mass balance (a) and thermodynamic modelling (b). 
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Figure 3.7. Correlation between the amount of reacted metakaolin obtained  
by mass balance and by thermodynamic modelling. 
 
The reaction degree of metakaolin is then calculated according to Equation 3.4. It is shown in Fig-
ure 3.8 (a) and (b) for mass balance and thermodynamic modelling, respectively. It shows that for 
both methods, the reaction degree of metakaolin decreases with the metakaolin content of the cal-
cined clay. For the calcined clay containing 15.0% of metakaolin, all metakaolin has reacted at 90 
days of hydration.  
 
 
Reaction degree metakaolin = Reacted metakaolin×100
wt%metakaolin
 Eq. 3.4 
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Figure 3.8. Reaction degree of metakaolin for the different LC3-50 blends at 1, 3, 7, 28 and 90 days 
determined by mass balance (a) and thermodynamic modelling (b). 
 
3.5.2 Sensitivity analysis for mass balance and thermodynamic modelling 
In order to estimate the influence of the errors of measurements of the input data on the determina-
tion of the amount of reacted metakaolin for mass balance and thermodynamic modelling, a sensi-
tivity analysis was carried out. Table 4 shows the error values considered for the determination of 
the clinker phase content, the ettringite quantification, the C-A-S-H composition and the portlandite 
quantification. Based on these errors, the maximum variations are applied to study their impact on 
the final amount of reacted metakaolin. The maximum deviation obtained for the amount of reacted 
metakaolin by mass balance is ± 2.5 g/100g of calcined clay. For thermodynamic modelling, a 
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slightly smaller deviation is obtained, ± 2.1 g/100g of calcined clay, since ettringite content and 
Si/Ca ratio are not experimentally measured. 
 
Table 3.4. Error of measurement of clinker phases, C-A-S-H composition, ettringite and portlandite. 
Phase Error (g/100g of anhydrous) 
Clinker (XRD-Rietveld) ± 1.0 
C-A-S-H composition (SEM-EDX) 
Al/Ca 
Si/Ca 
 
± 0.015 
± 0.015 
Ettringite (XRD-Rietveld) ± 1.1 
Portlandite (XRD-Rietveld) ± 0.4 
 
3.5.3 Output reliability 
Since metakaolin provides SiO2 and Al2O3 to the system, C-A-S-H and carboaluminate formation 
are mainly affected, because their formation is limited by the complete consumption of the remain-
ing SiO2 and Al2O3.  For C-A-S-H formation, we do not have any precise independent method for 
measuring the amount. But the amount of carboaluminates formed during hydration can be com-
pared between mass balance, thermodynamic modelling and experimental XRD-Rietveld data. For 
mass balance, the formation of carboaluminate hydrates corresponds to the complete consumption 
of the remaining aluminium after the formation of hydrotalcite, C-A-S-H and ettringite. Both hemi- 
and monocarboaluminate phases are identified for the different blends by XRD-Rietveld method. 
Figure 3.9 shows the comparison of the sum of hemi- and monocarboaluminate hydrates between 
mass balance, thermodynamic modelling and XRD-Rietveld results. A good agreement is found for 
all calcined clay blends. The relative low content as well as the poor crystallinity of hemicarboalu-
minate phase is the main source of the observed differences for XRD-Rietveld results.  
 
 
Figure 3.9. Amount of carboaluminate hydrates obtained at 28 days of hydration  
by thermodynamic modelling, mass balance and XRD/Rietveld. 
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3.5.4 PONKCS method 
The results obtained using PONKCS method are shown in Figure 3.10 for the different LC3-50 sys-
tems. The error of measurement was determined based on three series of measurements. It shows 
that the amount of reacted metakaolin increases with time, but the trends are not as clear as mass 
balance and thermodynamic modelling. The results obtained are more spread, with higher devia-
tions, especially for the LC3-50 systems containing <50% of metakaolin.  
 
 
Figure 3.10. Amount of reacted metakaolin at 1, 3, 7, 28 and 90 days  
determined by PONKCS method. 
 
The reaction degree of metakaolin at 1, 3, 7, 28 and 90 days is shown in Figure 3.11 for the differ-
ent LC3-50 systems. Due to the high scatter of the data, clear trends cannot be obtained. As ob-
served for mass balance and thermodynamic modelling, the reaction degree of metakaolin globally 
decreases with the metakaolin content of the calcined clay.  
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Figure 3.11. Reaction degree of metakaolin at 1, 3, 7, 28 and 90 days 
 determined by PONKCS method. 
 
A comparison with mass balance is shown in Figure 3.12. Similar values to mass balance are 
reached for LC3-50 systems with a metakaolin content higher than 60% in calcined clay, as shown 
by the hollow symbols. The plain symbols show the correlation for the blends containing less than 
60% of metakaolin in the calcined clay. The amount of reacted metakaolin obtained for blends with 
less than 60% of metakaolin in calcined clay is lower than the values obtained by mass balance. 
Moreover, the deviations globally increase with the decrease of the metakaolin content of the cal-
cined clay. With the decrease of the metakaolin content in the calcined clay, the measurement of the 
amount of reacted metakaolin becomes more challenging due to the detection limit for the 
PONKCS method. As example, in LC3-50 (15.0%), the initial amount of metakaolin in the system 
is 4.5 g per 100 g of anhydrous binder only. During hydration, the residues of unreacted metakaolin 
are not easy to identify and quantify, leading to significant errors of measurement. Besides, the im-
purity hump increases with the decrease of the metakaolin content of the calcined clay. The com-
plexity of the amorphous humps also decreases the reliability of the results even if the overall fitting 
is improved.   
 
Thus, the PONKCS method gives a quite reliable indication of the amount of reacted metakaolin for 
blends containing more than 60% of metakaolin in calcined clay, i.e. with more than 14 g of unre-
acted metakaolin left per 100 g of binder. Below this value, the precision of PONKCS method be-
comes poor.   
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Figure 3.12. Correlation between the amount of reacted metakaolin obtained 
by mass balance and by PONKCS. 
 
3.6 Conclusion 
Among the three methods used in this study, the mass balance approach shows the most reliable 
results to determine the amount of reacted metakaolin. Thermodynamic modelling is less time-
consuming than mass balance since it does not necessarily require any SEM-EDX measurement and 
it can be run simply based on XRD-Rietveld outputs. However, despite very similar results to mass 
balance until 7 days of hydration, thermodynamic modelling underestimates the amount of reacted 
metakaolin for later ages due to the fixed Ca/Si ratio used in the model of C-S-H. 
 
PONKCS method gives close results to mass balance and thermodynamic modelling for LC3-50 
blends containing more than 60% of metakaolin in the calcined clay. However, this method gives 
higher deviations in the results, especially for blends containing calcined clays with less than 60% 
of metakaolin. Below 60% of metakaolin, the quantification becomes very complex due to the small 
amount left of unreacted metakaolin.  
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4.1 Introduction 
Limestone calcined clay cements (LC3)1 are a promising approach to producing cement with lower 
environmental impact [87-89]. The amounts of traditional SCMs such as fly ash or slag are limited 
compared to the amount of cement produced and most suitable materials are already used in com-
posite cements or concrete [9]. LC3 combines two widely available materials to substitute clinker: 
calcined kaolinitic clays (which show the highest pozzolanic potential among the different classes 
of clays [22, 25, 26]), and limestone. Clinker content can be reduced to 50% in LC3-50, while main-
taining mechanical properties comparable to plain Portland cement (OPC) [43]. A linear correlation 
is found between strength and calcined kaolinite content for LC3-50 blends [90]. From 40% of cal-
cined kaolinite, higher strengths than reference Portland cement can be obtained from 7 days on-
wards, independent of calcined clay fineness, specific surface or secondary phases.  
 
The reactivity of calcined kaolinitic clays comes from the formation of metakaolin during the ther-
mal activation of raw clays [18, 21, 22, 91]. Metakaolin reacts as pozzolanic material with portland-
ite, water and sulfate to form C-A-S-H, ettringite, AFm phases and/or strätlingite [31, 32]. When 
limestone is added to Portland cement, calcite reacts with C3A from clinker to form hemi- and 
monocarboaluminate phases [37, 38, 41]. In LC3, aluminate from the metakaolin also reacts with 
calcite and enhances the formation of carboaluminate phases [43]. 
 
Most previous studies on the impact of metakaolin on hydration have used fairly pure metakaolin 
[69, 70, 92], but such materials are not very interesting from an economic point of view as they typ-
ically cost around 3 times the price of Portland cement. There is little information available about 
calcined clays with lower calcined kaolinite content, which have a much higher potential as clinker 
substitutes. Thus, the goal of this study is to investigate the influence of the calcined kaolinite con-
tent of calcined clay on the hydration of LC3 blends in terms of kinetics of hydration and micro-
structural development.  
                                                
1 LC3: Limestone Calcined Clay Cement: http://www.lc3.ch 
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4.2 Materials and methods 
4.2.1 Kaolinitic clays 
In this study, seven kaolinitic clays with various compositions were used. Same clays as Chapter 3 
are investigated. As detailed in Appendix 2 and previously in Chapter 2, the calcined kaolinite con-
tent in Equation 4.1 was determined by TGA to consider the reactive part of the material only.   
wt% kaol-OH, calcined refers to the remaining water loss in calcined clay, M kaolinite and M water corre-
spond to the molecular weights of kaolinite and water, respectively.   
 
 
 
For all the calcined clays, the calcined kaolinite content is indicated in Table 4.1, as well as the 
XRF chemical composition, the Dv,50 measured by Malvern laser diffraction and the specific surface 
measured by nitrogen adsorption using the BET model. Quartz was used as inert material to simu-
late a calcined clay with 0 % of calcined kaolinite. Characteristics of cement and limestone used in 
this study are also shown in Table 4.1. The Portland cement (PC) used was a commercial CEM I 
42.5 R from Heidelberg Cement, the limestone used was Durcal 5, from Omya Company. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 Eq. 4.1 wt%calcined kaolinite = wt%kaolinite −wt%kaol−OH , calcined ×
Mkaolinite
2Mwater
×
100−wt%kaol−OH , calcined
100
#
$
%%
&
'
((
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Table 4.1. XRF Compositions and main characteristics of calcined clays, cement and limestone. 
 
4.2.2 Microstructure study on pastes 
Pastes were made of the reference PC alone and LC3-50 pastes in which 45 parts of the materials is 
made up by 30 parts of calcined clay and 15 parts of limestone. The cement used in this study con-
tains an optimized sulfate content for a plain Portland cement hydration. For LC3-50 blends, the 
addition of 2% extra gypsum (Acros, 98+ grade) was needed to avoid undersulfation, as detailed in 
[43]. The mix composition of the LC3-50 blends is shown in Table 4.2.   
 
Table 4.2. Mix composition of PC and LC3-50 blends. 
Composition (wt.%) 
Cement 
Calcined clay Limestone 
Gypsum 
addition Clinker Anhydrite 
PC 94.1 5.9 - - - 
LC3-50 50.6 3.3 29.4 14.7 2.0 
 
Pastes were cast using a water to binder ratio of 0.4. To ensure comparable workability to PC, poly-
carboxylate superplasticizer was used in LC3-50 pastes (Mapei Dynamon SP914, max 1.4 wt% of 
total solid mass, as described in Appendix 4). The pastes were mixed for 2 min at 1600 rpm, and 
then sealed cured at 20°C until tested.  
 
Calcined clay 1 3 9 18 27 29 43 
Quartz Cement 
Lime-
stone 
Origin of clay 
North 
America 
South 
Asia 
South 
America 
South-east 
Asia 
North 
America 
South 
America 
South  
Asia 
Calcination Flash Furnace Flash Furnace Furnace Furnace Furnace 
Calcined kaolinite 
content (wt.%) 
95.0 79.4 66.2 50.3 38.9 35.0 17.0 0 - - 
Dv,50 (µm) 5.1 5.3 4.0 10.9 8.5 23.5 5.9 11.2 8.4 7.2 
BET Specific sur-
face (m2/g) 
9.6 15.3 12.9 45.7 23.1 18.5 18.7 1.2 0.9 1.8 
 
XRF composition (wt.%) 
SiO2 52.0 51.8 50.3 44.9 54.7 67.6 68.4 99.8 19.3 0.1 
Al2O3 43.8 42.4 42.7 32.3 26.8 22.6 17.5 - 5.7 - 
Fe2O3 0.3 1.9 0.6 15.4 13.6 6.1 8.9 - 3.6 - 
CaO - 0.1 - 1.3 0.3 0.5 0.6 - 63.6 55.0 
MgO - 0.1 - 0.8 1.0 - 0.7 - 1.6 0.2 
SO3 0.1 - - 0.1 - - - - 3.2 - 
Na2O 0.3 0.1 - 0.4 - - 0.1 - 0.2 0.1 
K2O 0.1 0.1 0.1 0.2 0.4 0.3 2.3 0.1 1.2 - 
TiO2 1.5 2.4 1.8 2.4 1.1 1.5 0.8 - 0.3 - 
P2O5 0.2 0.1 0.1 0.4 - - 0.1 - 0.2 - 
MnO - - - 0.1 - - 0.1 - 0.1 - 
Others 0.1 0.2 0.2 0.2 - - 0.2 - 0.3 - 
LOI 1.5 1.0 3.6 1.7 1.9 1.4 0.5 0.1 0.8 42.6 
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The heat release during hydration was measured in an isothermal calorimeter (TAM Air) for 28 
days. 10 g of paste was poured in a glass ampoule, which was then sealed and put in the calorime-
ter. X-Ray Diffraction (XRD) measurements combined with the Rietveld refinement method were 
carried out on freshly cut slices at 1, 3, 7, 14, 28 and 90 days to quantify the main crystalline phases 
present and to determine the degree of hydration of clinker in the different systems. The slices were 
analysed in Bragg-Brentano mode with a X’Pert PANalytical diffractometer with CuKα source op-
erated at 45 kV and 40 mA. Samples were scanned from 5 to 70 °2θ with a step size of 0.0167 °2θ 
using a X’Celerator detector, resulting in an equivalent time per step of 30 s. Rutile was used as 
external standard.  
 
For TGA, Mercury Intrusion Porosimetry (MIP) and Scanning Electron Microcopy (SEM), isopro-
panol was used to stop hydration. The solvent was changed after 1 h, 1 day and 3 days. Samples 
were then stored in a desiccator under vacuum for at least 3 days. TGA was used to quantify the 
portlandite content using the tangent method [81]. 50 mg of powdered sample was analysed using 
Mettler Toledo TGA/SDTA 851 balance with a heating rate of 10 °C/min from 30 °C to 1000 °C 
under constant nitrogen flow of 30 mL/min. To compare XRD on fresh slices and TGA on dried 
samples, data are normalized per 100 g of anhydrous in Equations 4.2 and 4.3, as reported in [81], 
using the water to cement ratio w/c and the amount of bound water H2O bound. 
 
Fresh slice XRD wt%rescaled = wt%Rietveld 1+
w
c
!
"
#
$
%
&  Eq. 4.2 
 
Dried powder TGA wt%rescaled =
wt%TGA
1−H2Obound
 Eq. 4.3 
 
To characterize the porosity, MIP was used. MIP gives reliable information concerning the capillary 
porosity if the samples are prepared by solvent exchange with isopropanol. A contact angle of 120° 
was used between mercury and paste. Müller showed that 120° gives better agreement with pore 
sizes calculated by 1H-NMR than 140° [93]. Paste pieces were cut to get 0.7 g for MIP experiments 
carried out with Porotec Pascal 140 and 440 devices.  
 
To observe the microstructure, FEI Quanta 200 SEM was used with an accelerating voltage of 15 
kV on polished cross-sections, with a working distance of 12.5 mm, and a spot size adjusted to get a 
current of approx. 0.8 nA. The determination of C-A-S-H composition was obtained by Energy 
Dispersive X-Ray Spectroscopy (EDX) on 200 points per sample per age according to the method 
of Rossen [83]. In order to get a more accurate composition of C-A-S-H, inner products were sam-
pled to minimise intermixing with other phases present in the microstructure. 
 
The pore solution was obtained by mechanical squeezing at 800 kN for samples cured for 28 days 
of hydration. The solution was then filtered using 0.45 µm filter. To limit precipitation, the extract-
ed liquid was then diluted in a HNO3 solution with a 1:9 ratio. The ionic concentrations were ob-
tained using inductively coupled plasma optical emission spectroscopy (ICP-OES, Shimadzu ICPE 
9000).  
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Relative humidity measurements were carried out using Rotronic chambers equipped with high-
precision relative humidity sensors. Sensors were calibrated before and after testing with salt solu-
tions of known relative humidity from 97.6% to 75.5% (using K2SO4, KNO3, KCl and NaCl). Cir-
culating water around the sample holder ensured constant temperature of 20°C. Sample pieces of 4-
8 mm were cut at 0.6 day of hydration and sealed in the RH chambers. The RH was continuously 
monitored for 28 days.  
 
4.3 Results 
4.3.1 Kinetics of hydration 
The heat release during the first days of hydration is shown in Figure 4.1 per gram of solid (a) and 
per gram of clinker (b) for PC and LC3-50 (0%), (50.3%) and (95.0%). Not all the clay systems are 
shown for better clarity but the range of calcined kaolinite contents is covered. The hydration of 
C3S is enhanced for LC3-50 blends due to the filler effect of calcined clay (quartz for LC3-50 (0%)) 
and limestone, as shown by the higher slope and intensity of the silicate peak. Moreover, calcined 
clay significantly affects the intensity of the aluminate peak. The intensity of the peak increases 
with the calcined kaolinite content. In addition to the filler effect, this heat increase can be ex-
plained by the beginning of the metakaolin reaction with portlandite.  
 
 
Figure 4.1. Heat release per gram of solid (a) and normalized per gram of clinker (b)  
for PC, LC3-50 (0%), (50.3%) and (95.0%). 
 
The cumulative heat released is shown in Figure 4.2 per gram of solid (a) and per gram of clinker 
(b). For the LC3-50 blends, the difference of heat release between LC3-50 (0%) blend and the two 
other LC3-50 blends can be attributed to the reaction of metakaolin. The highest heat is released by 
the blend with the highest calcined kaolinite content at early ages (<~150 hrs). However, after ap-
proximately 3 days, the rate of heat increase significantly slows down for this system, and from 5 
days onwards, the cumulative heat is lower than for the blend with 50.3% of calcined kaolinite in 
the calcined clay. 
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Figure 4.2. Cumulative heat released per gram of solid (a)  
and normalized per gram of clinker (b) for PC, LC3-50 (50.3%) and (95.0%). 
 
4.3.2 Determination of clinker hydration degree  
The degree of hydration (DoH) of clinker is determined by XRD-Rietveld according to Equation 
4.4: 
 
 
Hydration degreet =
(C3S +C2S +C3A∑ +C4AF )i − (C3S +C2S +C3A∑ +C4AF )t
(C3S +C2S +C3A∑ +C4AF )i
 Eq. 4.4 
 
The DoH is higher for LC3-50 (0%) and (50.3%) than the PC reference, as shown in Figure 4.3 (a), 
due to the filler effect of calcined clay and limestone. For LC3-50 (95.0%), the hydration degree of 
clinker is also higher than PC at early age. However, it becomes almost constant from 3 days on-
wards, whereas the hydration degree of PC, LC3-50 (0%) and (50.3%) blends keeps increasing with 
time. This indicates a significant slowing down of clinker hydration.  
 
To extend these results to all calcined clays, the DoH is plotted as a function of the calcined kaolin-
ite content at 1, 3 and 28 days of hydration in Figure 4.3 (b). At 28 days, the clinker DoH decreases 
with the calcined kaolinite content of calcined clays. Above a calcined kaolinite content of about 
65% there is almost no increase in the clinker DoH between 3 days and 28 days. For blends with ≤ 
65% of calcined kaolinite, hydration continues and the clinker DoH keeps increasing with time.  
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Figure 4.3. Degree of Hydration (DoH) of clinker determined by Rietveld analysis  
as a function of time (a) and of the calcined kaolinite content (b). 
 
4.3.3 Characterization of metakaolin reaction 
Figure 4.4 (a) shows the portlandite content normalized per gram of clinker. The results for LC3-50 
(0%) demonstrate the filler effect whereby the clinker reaction is enhanced. By comparison, it is 
evident that a significant amount of portlandite has already been consumed at 24 hours of hydration 
for LC3-50 (50.3%) and (95.0%). Figure 4.4 (b) shows this portlandite consumption per gram of 
solid by TGA at 1, 3 and 28 days for the different LC3-50 blends. For all ages, the portlandite con-
tent decreases with the calcined kaolinite content. However, above a calcined kaolinite content of 
about 65% the differences are not significant. 
 
 
Figure 4.4 Portlandite quantification by TGA as a function of time (a)  
and of the calcined kaolinite content (b). 
 
Table 4.3 shows the incorporation of silicon and aluminium in C-A-S-H due to metakaolin reaction 
at 3 and 28 days for LC3-50 (17.0%), (50.3%) and (95.0%) compared with PC. The aluminium in-
corporation in C-A-S-H increases with the calcined kaolinite content whereas silicon incorporation 
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is similar, but higher than PC. The increase of the aluminium incorporation is quite small for the 
LC3-50 (50.3%) compared with the LC3-50 (17.0%) and PC but a larger increase is observed for the 
LC3-50 (95.0%) system. Moreover, the increase of the Al/Ca ratio from 3 to 28 days is also the 
highest for the LC3-50 (95.0%) system. Figure 4.5 shows the change in C-A-S-H composition at 28 
days. The small coloured symbols represent all the points analysed for each system, and the large 
symbols show the composition of the “pure” C-A-S-H (least intermixed). More intermixing with Ca 
bearing hydration products and metakaolin is observed for LC3-50 (95.0%).  
 
Table 4.3. Al/Ca and Si/Ca atomic ratios of C-A-S-H at 3 and 28 days. 
 3 days 28 days 
± 0.015 Al/Ca Si/Ca Al/Ca Si/Ca 
PC 0.06 0.52 0.06 0.51 
LC3-50 (17.0%) 0.06 0.56 0.07 0.62 
LC3-50 (50.3%) 0.08 0.56 0.13 0.67 
LC3-50 (95.0%) 0.16 0.57 0.26 0.67 
 
 
Figure 4.5. SEM-EDX of Al/Ca as a function of Si/Ca at 28 days of hydration  
for PC and LC3-50 (17.0%), (50.3%) and (95.0%). 
 
4.3.4 Determination of the amount of reacted metakaolin 
The amount of reacted metakaolin is estimated by mass balance, adapted from Durdzinski [74] and 
detailed in Chapter 3. The consumption of clinker phases, limestone and gypsum is used as input to 
predict the phase assemblage. The amount of reacted metakaolin is determined by iterations, by 
comparing for each metakaolin increment the predicted portlandite content with experimental 
XRD/TGA results.  
 
The amount of reacted metakaolin is shown as a function of time in Figure 4.6 (a) for the LC3-50 
(17.0%), (50.3%) and (95.0%). The amount of reacted metakaolin increases with time. There is no 
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slowing down of reaction from 3 days onwards for the LC3-50 (95.0%) blend, as previously ob-
served for the hydration of clinker. The amount of reacted metakaolin as a function of the calcined 
kaolinite content in Figure 4.6 (b) increases with the calcined kaolinite content of calcined clays 
until 65% of calcined kaolinite. Above this content, the amount of reacted metakaolin is very simi-
lar for LC3-50 blends at 1 and 3 days, with a slightly higher amount for the LC3-50 (95.0%) at 28 
days. 
 
 
Figure 4.6. Amount of reacted metakaolin as a function of time (a)  
and of the calcined kaolinite content (b). 
 
4.3.5 Porosity characterization 
Figure 4.7 shows MIP results at 3 days (a) and 28 days (b) of hydration. At 3 days of hydration, the 
connectivity of porosity for LC3-50 blends containing calcined clay with more than 65% of calcined 
kaolinite is significantly refined compared with PC. SEM pictures of the microstructure at 3 days in 
Figure 4.8 also show a much denser microstructure for LC3-50 (95.0%), whereas more porosity can 
be seen for PC and LC3-50 (50.3%). At 28 days, MIP results show that all LC3-50 blends except 
quartz blend have a finer pore connectivity than PC as indicated by the smaller breakthrough pore 
entry radius where the intrusion of mercury starts to increase significantly. SEM pictures in Figure 
4.9 show a much denser microstructure for LC3-50 (50.3%) and (95.0%) than PC. 
 
There is a difference in the kinetics of pore refinement depending on the calcined kaolinite content: 
the porosity is already well-refined for blends containing > 65% of calcined kaolinite in calcined 
clay at 3 days, and no major further refinement occurs later on, whereas LC3-50 blends with ≤ 50% 
of calcined kaolinite show significant refinement between 3 and 28 days.  
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Figure 4.7. Porosity observed by MIP for PC and LC3-50 blends  
at 3 days (a) and 28 days (b). 
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Figure 4.8. SEM pictures of PC, LC3-50 (50.3%) and (95.0%)  
at 3 days of hydration for 1500x and 5000x magnifications. 
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Figure 4.9. SEM pictures of PC, LC3-50 (50.3%) and (95.0%)  
at 28 days of hydration for 1500x and 5000x magnifications. 
 
4.3.5.1 Hydration products  
XRD patterns at 1 day and 28 days of hydration for PC and LC3-50 blends are shown in Figure 4.10 
(a) and (b), respectively. At 1 day of hydration, a similar amount of ettringite is observed for the 
reference PC and for the blends. At 28 days, a slightly higher AFt content is observed for LC3-50 
blends compared with the PC, because limestone reacts with the additional alumina and avoids dis-
solution of ettringite to give the monosulfate phase [37, 94]. Thus, despite the slightly higher initial 
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sulfate content for PC compared with LC3 blends, the ettringite content is slightly higher for LC3-50 
blends than for PC at late ages.  
 
 
Figure 4.10. XRD patterns at 1 day (a) and 28 days (b) of hydration  
for reference PC and LC3-50 blends. 
 
The quantitative analyses of ettringite are shown in Figure 4.11 at 1, 3 and 28 days of hydration. 
The ettringite content does not significantly vary with the calcined kaolinite content as it is related 
to the initial sulfate content which is constant.  
 
Figure 4.11. Ettringite Rietveld quantification at 1, 3 and 28 days  
as a function of calcined kaolinite content. 
 
The presence of limestone contributes to the formation of hemicarboaluminate and monocarboalu-
minate phases, as shown at 28 days in Figure 4.12. In contrast to the study of Antoni and al. [43], 
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none or small traces of carboaluminate phases are observed at 1 day of hydration, because of the 
higher SO3 / Al2O3 ratio in this study, due to the gypsum optimisation. The formation of carboalu-
minate hydrates starts after sulfate depletion, as shown in [36, 41]. At 28 days, hemicarboaluminate 
and monocarboaluminate coexist for LC3-50 containing ≤ 50% of calcined kaolinite in the calcined 
clay. Even if monocarboaluminate is slightly more stable thermodynamically, the kinetics of for-
mation are faster for hemicarboaluminate [36]. However, with the increase of calcined kaolinite 
content, the amount of available aluminate increases, which seems to favour the formation of hemi-
carboaluminate rather than monocarboaluminate [40].  
 
The quantitative analysis of the sum of these phases is shown by volume in Figure 15 in order to 
look at the influence of the calcined kaolinite content on the space occupied by the carboaluminate 
phases. The content of these phases increase until 50% of calcined kaolinite. The enhancement of 
carboaluminate formation is made possible by the extra aluminate provided by the metakaolin in 
calcined clay. However, their content decreases for LC3-50 blends containing more than 50% of 
calcined kaolinite in calcined clay.  
 
 
Figure 4.12. Hemicarboaluminate and monocarboaluminate vol.% Rietveld quantification at 1, 3 
and 28 days of hydration as a function of calcined kaolinite content. 
 
4.4 Discussion 
4.4.1 Slowing down of clinker hydration 
4.4.1.1 Relative humidity measurements 
The measurements of relative humidity were carried out in order to investigate if the slowing down 
of clinker hydration for LC3-50 containing more than 65% of calcined kaolinite could be due a 
stronger decrease in relative humidity due to reaction of metakaolin. Relative humidity results are 
shown in Figure 4.13 for PC, and LC3-50 (50.3%) and LC3-50 (95.0%). LC3-50 (95.0%) shows that 
the decrease of relative humidity is in fact LESS in the systems containing metakaolin and does not 
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decrease much after 5 days. The relative humidity value at 28 days is 96.6%. For LC3-50 (50.3%), 
the relative humidity keeps decreasing until 28 days of hydration, reaching a value of 91.8% at 28 
days. These results indicate that the lack of available water is not the reason for the slowing down 
of clinker hydration for LC3-50 systems with > 65% of calcined kaolinite. 
 
 
Figure 4.13. Relative humidity measurements for PC, LC3-50 (50.3%) and (95.0%). 
 
4.4.1.2 Pore solution extraction 
The concentrations of calcium, silicon and aluminium and the pH of the pore solution at 28 days are 
shown in Figure 4.14. Calcium concentration globally decreases with the calcined kaolinite content 
due to the pozzolanic reaction involving the consumption of portlandite and change in composition 
of the C-A-S-H. The silicon concentration remains constant for all the blends. It shows that the al-
uminium concentration increases with the calcined kaolinite content. Snellings showed that the 
presence of aluminium in the pore solution slows down the dissolution of anhydrous phases [95]. 
This would explain the slowing down of clinker hydration for LC3-50 containing more than 65% of 
calcined kaolinite. However, this does not explain why the reaction of metakaolin keeps occurring 
after 3 days of hydration. The values of pH slightly decrease with the calcined kaolinite content, due 
to the alkali incorporation in hydration products of metakaolin reaction. 
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Figure 4.14. Influence of the calcined kaolinite content on the Ca, Si, Al concentration  
in the pore solution and the pH at 28 days of hydration. 
 
4.4.1.3 Porosity refinement 
From results in Figure 4.7, the determination of the critical pore entry radius allows better visualisa-
tion of the refinement of pore connectivity, as shown in Figure 4.15. The critical pore entry radius is 
defined as the inflexion point of the cumulative curve (or the maximum of the capillary peak of the 
derivative curve). It confirms the different kinetics of refinement between LC3-50 blends containing 
≤ and > than 65% of calcined kaolinite in calcined clay. Moreover, at 28 days of hydration, all the 
LC3-50 blends containing at least 40% of calcined kaolinite show a similar critical pore entry radius 
of approximately 3 to 5 nm. There is no further refinement of the porosity. This limit of refinement 
is slightly lower than the results of Berodier [96], due to the different contact angles used between 
mercury and cement paste (140° versus 120° in this study).  
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Figure 4.15. Critical pore entry radius for LC3-50 blends at 3, 7 and 28 days. 
 
The reason for such a limiting critical pore entry radius could be the increase of supersaturation 
level needed for further hydrate growth to occur with the decrease of pore size, as already observed 
in our previous studies of cementitious materials [96, 97]. Equation 4.5 shows that as the pore size, 
r, goes down, the curvature at the solid/liquid interface increases, and the saturation index SI must 
increase as well for further hydrate growth [98, 99]. K refers the ion activity product, Ksp is the sol-
ubility product of the hydrate growing in the pore. R refers to the gas constant, T is the temperature, 
Vm is the molar volume of the hydration product growing in the pore. γ is the interfacial energy be-
tween the hydration product and the solution. 
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 Eq. 4.5 
 
As a consequence, the driving force for the further growth of hydration products, i.e. the supersatu-
ration, needs to be higher to oppose the increase of the curvature at the liquid solid interface. Thus, 
the classical growth of hydration products can be limited due to the lack of large pores in the micro-
structure.  
 
The time at which the limiting pore entry radius is reached seems to correspond well with the slow-
ing down of hydration observed in Figure 2 and 3, especially for the LC3-50 (95.0%) blend.  
 
4.4.2 Hydration product formation 
Even if clinker hydration in Figure 4.3 is significantly slowed down from 3 days onwards for the 
LC3-50 blends containing calcined clay with more than 65% of calcined kaolinite, the reaction of 
metakaolin continues after 3 days as observed in Figure 4.6. The formation of carboaluminate hy-
drates is limited from 3 days onwards for these blends, as shown in Figure 4.12.  
 
Chapter 4 - Investigation of the calcined kaolinite content on the hydration of Limestone Calcined Clay Cement (LC3) 
66 
Based on the pore solution concentration shown in Figure 4.14, the saturation index of monocar-
boaluminate phase (more thermodynamically-stable than hemicarboaluminate phase) was calculated 
using the Gibbs Free Energy Minimization Software (GEMS) [77], with the Cemdata14 database 
[78]. For the LC3-50 (95.0%) at 28 days of hydration, a saturation index of 0.65 is obtained, indicat-
ing that the pore solution is oversaturated with respect to monocarboaluminate phase. Thus, accord-
ing to the pore solution, monocarboaluminate growth could keep occurring in this system.   
 
The limited amount of carboaluminate is likely to be due to the lack of pores large enough for their 
growth. The level of supersaturation is not high enough to enable the growth in such fine pores. 
Thus, the reaction of metakaolin no longer forms AFm phases for these systems once the limiting 
critical pore entry radius is reached.  
 
Figure 4.16 shows the correlation between the amount of carboaluminate hydrates formed, the alu-
minium concentration of the pore solution and the aluminium incorporation in the C-A-S-H. For 
LC3-50 blends containing more than 65% of calcined kaolinite, the aluminium concentration in the 
pore solution as well as the aluminium incorporation in the C-A-S-H significantly increases com-
pared with blends with lower calcined kaolinite content. The on-going reaction of metakaolin pro-
vides more aluminium to the system, which is not used for the formation of the carboaluminate hy-
drates due to the lack of large pores. As a consequence, the on-going metakaolin reaction leads to 
the increase of the aluminium concentration of the pore solution. Since there is more aluminium in 
the pore solution, the incorporation of aluminium in the C-A-S-H also significantly increases [100, 
101].  
 
 
Figure 4.16. Amount of carboaluminate hydrates, aluminium concentration of the pore solution and 
Al/Ca of the C-A-S-H for the different LC3-50 systems at 28 days of hydration. 
 
Since the reaction of metakaolin mainly impacts the C-A-S-H phase for the blends containing cal-
cined clay with more than 65% of calcined kaolinite, it is likely that the gel pores (intrinsic pores of 
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C-A-S-H of nanometer size) would mainly be affected by this reaction. This could explain why the 
pore size distribution by MIP is very similar for these blends at 3 and 28 days of hydration, since 
gel pores are mostly not reached by MIP technique [80].  
 
4.4.3 Correlation with compressive strength results 
Compressive strength tests in Chapter 2 showed that up to 7 days of hydration, strength is linearly 
correlated with the calcined kaolinite content. This parameter overwhelms the strength develop-
ment. After 7 days, the strength gain for LC3-50 blends with calcined clay containing more than 
about 45% of calcined kaolinite becomes less significant.  
 
This lower gain of strength at late ages for the LC3-50 blends with more than 45% can be explained 
by: 
- the decrease of the clinker hydration degree with the increase of the calcined kaolinite con-
tent (cf. Figure 4.3) due to the reaching of the maximal refinement of the critical pore entry 
in Figure 4.15 
- the quite similar amount of reacted metakaolin for calcined clays with more than 50% of 
calcined kaolinite as shown in Figure 4.6  
- the limited formation of carboaluminate hydrates observed in Figure 4.12 
 
4.5 Conclusion 
Metakaolin reaction starts before 1 day, independent of the calcined kaolinite content of calcined 
clay. At later ages, the degree of reaction of the clinker is influenced by the calcined kaolinite con-
tent. For LC3-50 blends containing > 65% of calcined kaolinite in calcined clay, clinker hydration is 
significantly slowed down from 3 days onwards. The reason for such slowing down is likely to be 
due to the lack of capillary pores above a critical size. A critical pore entry size of 3-5 nm is reached 
at 3 days for these blends and the growth of hydrates becomes more difficult after this point due to 
the supersaturation level required. The highest relative humidity is measured for the LC3-50 blend 
with the highest calcined kaolinite content. Thus, the slowing down of clinker hydration cannot be 
explained by a lack of water.  
 
The amount of reacted metakaolin increases with the calcined kaolinite content and that metakaolin 
keeps reacting after 3 days for all LC3-50 blends. For LC3-50 blends containing calcined clay with 
less than 65% of calcined kaolinite, the amount of carboaluminate hydrates increases with the cal-
cined kaolinite content thanks to the alumina provided by metakaolin. For blends with more than 
65% of calcined kaolinite, the formation of carboaluminate hydrates is likely to be limited by the 
lack of pores above a critical size. As a consequence, the aluminium provided by the on-going me-
takaolin reaction goes into the C-A-S-H, as evidenced by the increase of the aluminium concentra-
tion of the pore solution, which leads to a higher incorporation of aluminium in the C-A-S-H meas-
ured by SEM-EDX.  
 
Ettringite formation does not depend on the calcined kaolinite content. Similar amount is quantified 
for all LC3-50 blends, showing that ettringite content depends more on the initial sulfate content 
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(also constant). After sulfate depletion, aluminates react with carbonates to form carboaluminate 
hydrates.   
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5 Chapter 5 - Investigation of C-A-S-H composi-
tion, morphology and density in Limestone 
Calcined Clay Cement (LC3)  
 
5.1 Introduction 
C-S-H is the main hydrated phase present in cementitious materials. The solid structure of C-S-H, 
based on tobermorite, is shown in Figure 5.1 [101]. It is composed of calcium oxide layers in con-
tact on both sides with silica chains. The silica chains show a dreierketten arrangement with two 
silica tetrahedra pairing the calcium oxide layers and a third bridging to the next pair of silicates. 
The space between the layers of calcium oxide and silicate chains is the interlayer space which is 
mainly composed of water and calcium ions. C-S-H has a variable stoichiometric depending of the 
pore solution concentration, which is in turn affected by factors such as the water to binder ratio 
[102], clinker composition [83] and mix composition [35, 69, 74, 103-105]. C-S-Hs found in ce-
mentitious materials have higher calcium to silicon ratios than tobermorite in the range of about 1.3-
2. Three kinds of defect allow for the variation in calcium to silica ratio: missing bridging silicate 
tetrahedra; substitution of two protons terminating unlinked silicate tetrahedra by calcium ions; and 
calcium ions in the interlayer. Other ions than silicon and calcium can be found in C-S-H. The most 
commonly found one is aluminium which can be incorporated in a bridging site of the C-S-H struc-
ture [101, 106-108]. Aluminium mostly occupies bridging sites linking dimers of silicate tetrahedra, 
which may lead to an increase of the average chain length of C-S-H [109]. The term C-A-S-H is 
often used rather than C-S-H to take into account the aluminium incorporation. Higher aluminium 
contents in C-A-S-H are usually observed with alumino-silicate SCMs: slags, fly ashes and espe-
cially calcined clays [43, 74, 83, 103].  
 
 
Figure 5.1. Schematic structure of C-A-S-H [101]. Full and empty circles correspond to calcium ion 
and water/alkali, respectively. Dark grey tetrahedra: AlO4. Light grey tetrahedral: SiO4-. Qn: n indi-
cates the number of Si neighbours. Q2b and Q2p refer to bridging and pairing positions. 
 
Q2b
-
-
Q1 Q2p
Q3(1Al)
Q2p(1Al)
Interlayer
Calcium oxide layer 
Dreierketten chain
Interlayer
Dreierketten chain
H H
Q2u
Chapter 5 - Investigation of C-A-S-H composition, morphology and density in Limestone Calcined Clay Cement (LC3) 
70 
The measurements of the C-A-S-H composition by SEM-EDX is challenging for blends containing 
fine particles such as metakaolin or silica fume due to the volume of interaction which can include 
C-A-S-H and also other phases. Transmission Electron Microscopy in scanning mode (STEM) pro-
vides a complementary tool to estimate the C-A-S-H composition, with the main benefit of deter-
mining it without any interaction with other phase [84]. TEM also permits a better understanding of 
the C-A-S-H formation by providing information on its morphology. Richardson [110] observed 
either fibrillar-like or foil-like morphologies for outer C-A-S-H, with a foil-like morphology only 
observed for a Ca/Si atomic ratio close to 1.5. A more compact uniform morphology was observed 
for inner products. 
 
New insights on C-A-S-H are provided by the use of 1H Nuclear Magnetic Resonance (1H-NMR) 
relaxometry. This method allows measurement of the water in the interlayer and gel pores of the C-
A-S-H, as shown by Müller et al. [80, 111]. This technique is non-destructive and does not require 
any drying prior to analysis. Continuous measurements can be carried out to track the evolution of 
the different water populations with time. Müller used these data for a mass and volume balance to 
determine the density of both solid (excluding gel water) and bulk (including gel water) C-A-S-H 
[80]. 
 
In this study, the C-A-S-H for Limestone Calcined Clay Cements (LC3) is characterized. We previ-
ously showed that for LC3-50 systems with a clinker content reduced to 50 %, similar strength to 
reference PC is obtained from 7 days onwards even using clays with a calcined kaolinite content as 
low as 40% [90]. A better understanding of the strength results requires a better characterization of 
the C-A-S-H for these blends. Thus, the composition, the morphology and the density of C-A-S-H 
have been studied for LC3-50 blends using a wide range of calcined kaolinitic clays and the results 
are compared with plain PC. The chemical composition of the C-A-S-H was determined using both 
SEM-EDX and STEM-EDX techniques. STEM was also used to investigate the influence of the 
calcined kaolinite content on the morphology of C-A-S-H. The density of C-A-S-H was obtained 
based on 1H-NMR results. Moreover, thanks to the valuable information provided by 1H-NMR, 
especially concerning the amount of gel and capillary water, a precise characterization of the po-
rosity of cementitious materials can be obtained [112]. Müller et al. found an average pore size of 
2.5 nm and 8.0 nm for gel and capillary pores, respectively [80]. The porosity of LC3-50 was inves-
tigated and the results compared with reference cement to give a better understanding of the results 
obtained with the widely-used Mercury Intrusion Porosimetry (MIP) technique.  
 
5.2 Materials characteristics and mix design  
The same CEMI 42.5R grey cement from Heidelberg cement was used for the study of the mor-
phology and the composition of the C-A-S-H. In addition to reference PC, LC3-50 systems were 
studied, in which 45 parts of cement are substituted by 30 parts of calcined clays and 15 parts of 
limestone. 2% of gypsum was added to prevent undersulfation for LC3-50 blends, as detailed in 
Appendix 1.  
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Due to the complexity of preparing the samples for TEM, only three calcined clays were used as 
LC3-50 blends, in addition to plain PC, with 17.0%, 50.3% and 95.0% of calcined kaolinite. The 
final mix design is shown in Table 5.1.  
 
Table 5.1. Mix composition of PC and LC3-50 blends.  
The brackets indicate the calcined kaolinite content of the calcined clay for LC3-50 blends. 
Composition (wt.%) 
Cement 
Calcined clay Limestone 
Gypsum 
addition Clinker Anhydrite 
PC 94.1 5.9 - - - 
LC3-50 (17.0%) 50.6 3.3 29.4 (17.0%) 14.7 2.0 
LC3-50 (50.3%) 50.6 3.3 29.4 (50.3%) 14.7 2.0 
LC3-50 (95.0%) 50.6 3.3 29.4 (95.0%) 14.7 2.0 
 
For the study on the determination of the C-A-S-H density, the use of this grey cement was not 
compatible with 1H-NMR measurements. The iron content (3.6% Fe2O3) is too-high decreasing the 
magnetization and degrading the accuracy of the results [72]. Thus, a white cement from Aalborg 
Cement was used for all 1H-NMR experiments. Plain white cement (WPC) and LC3 blends (WLC3-
50) were cast.  
 
The alkali level of the white cement was adjusted in order to get similar Na2Oeq to the grey cement 
used in the previous studies. Potassium hydroxide (Acros) was used for the alkali adjustment. The 
sulfate level was then also adjusted based on heat flow curves by isothermal calorimetry. 2% of 
gypsum was added for WPC and 3% for WLC3-50 blends (shown in Appendix 1).  
 
Since most of kaolinitic clays contain significant amount of iron oxide, some simulated mixes of 
fairly pure kaolinitic clay with quartz were used. In addition to WLC3-50 with 95.0% of calcined 
kaolinite, two mixes were prepared by replacing 50% and 75% of calcined clay by quartz to model 
calcined clays with 23.8% and 47.5% of calcined kaolinite, respectively. A fourth blend consisted 
of using a clay with a low iron oxide content (1.0%) and 39.0% of calcined kaolinite. The final mix 
design used for the determination of the density of C-A-S-H is shown in Table 5.2.  
 
Table 5.2. Mix composition of WPC and WLC3-50 blends.  
The brackets indicate the calcined kaolinite content of the calcined clay for each WLC3-50 mix. 
wt.% 
Cement 
Calcined clay Quartz Limestone 
Alkali 
addition 
Gypsum 
addition Clinker Gypsum 
WPC 92.7 4.2 - - - 1.2 2.0 
WLC3-50 
(95.0%) 
50.7 2.3 28.9 (95.0%) - 14.5 0.6 3.0 
WLC3-50 
(47.5%) 
50.7 2.3 14.5 (95.0%) 14.5 14.5 0.6 3.0 
WLC3-50 
(39.0%) 
50.7 2.3 28.9 (39.0%) - 14.5 0.6 3.0 
WLC3-50 
(23.8%) 
50.7 2.3 7.2 (95.0%) 21.7 14.5 0.6 3.0 
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The XRF and the physical characteristics of the grey and white cements, the limestone, and the dif-
ferent calcined clays are shown in Table 5.3.  
 
Table 5.3. XRF composition of white cement, calcined clays and limestone. 
 Calcined Clays 
 Quartz 
Grey 
cement 
White 
Cement 
Lime-
stone Clay number 43 18 1 26 
Calcined kaolin-
ite content (%) 
17.0 50.3 95.0 39.0 0 - - - 
Dv,50 (µm) 5.9 10.9 5.1 10.8 11.2 8.4 7.4 7.2 
BET Specific 
surface (m2/g) 
18.7 45.7 9.6 10.7 1.2 0.9 1.3 1.8 
 XRF composition (wt.%) 
SiO2 68.4 44.9 52.0 71.0 99.8 19.3 24.2 0.1 
Al2O3 17.5 32.3 43.8 23.4 - 5.7 1.9 - 
Fe2O3 8.9 15.4 0.3 1.0 - 3.6 0.3 - 
CaO 0.6 1.3 - 0.3 - 63.6 69.2 55.0 
MgO 0.7 0.8 - 0.4 - 1.6 0.7 0.2 
SO3 - 0.1 0.1 - - 3.2 2.0 - 
Na2O 0.1 0.4 0.3 0.2 - 0.2 0.2 0.1 
K2O 2.3 0.2 0.1 1.4 0.1 1.2 0.1 - 
TiO2 0.8 2.4 1.5 1.2 - 0.3 0.1 - 
P2O5 0.1 0.4 0.2 0.2 - 0.2 0.3 - 
MnO 0.1 0.1 - - - 0.1 - - 
Others 0.2 0.2 0.1 - - 0.3 0.3 - 
LOI 0.5 1.7 1.5 0.9 0.1 0.8 0.9 42.6 
 
5.3 Analytical details 
5.3.1 C-A-S-H morphology and composition 
The PC and the LC3-50 (17.0%), (50.3%) and (95.0%) were tested at 28 days of hydration. Similar 
protocol as detailed in [83] was used for the sample preparation. The paste was mixed for 2 minutes 
at 1600 rpm. Slices were cut at 28 days of hydration. Hydration was stopped using solvent exchange 
method (isopropanol). This method is the best for preserving the microstructure [113, 114]. The 
slices were then stored in desiccator under vacuum. For TEM samples, a small piece of paste was 
then impregnated in a hard resin (Gatan G2) and the impregnated sample was cut as a 2x2x0.7-
mm3-slice using diamond saw. This slice is then polished using diamond-lapping films (Allied) un-
til optical translucency. Due to the brittleness of hydrated cementitious paste, it is not possible to get 
a uniform thin lamella. Thin areas could be obtained only using the Tripod method at the edge of a 
bevel. The last step of polishing is done by ion milling (Gatan 691) using Precision Ion Polishing 
System (PIPS) until reaching electron transparency (thickness of about 100-150 nm). Low voltages 
of 1-2 kV were used in order to avoid ion beam damage. The detection of fringes of equal thickness 
by optical microscopy is a good clue to ensure the presence of areas transparent to electrons.   
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For the SEM sample preparation, a quarter of a slice was impregnated in epoxy resin (Epotek-301) 
and the impregnated sample was then polished with diamond particles of 9 µm, 3 µm and 1 µm for 
30 min, 2 h and 3 h, respectively.  
 
For the TEM observations, a FEI Tecnai Osiris was used (CIME, EPFL) with a XFEG source. Two 
Super-X Windowless SDD EDS detectors were used. Both the bright field (BF) and the high angle 
annular dark field (HAADF) detectors were used in scanning mode (STEM). An acceleration volt-
age as low as 80 kV (combined with low spot size) was used in order to avoid beam damage. A 
magnification of 56000x for imaging was used. Once the images were taken, several zones of inter-
est were delimited and analysed to get their global EDX spectrum. Between 5 and 15 areas were 
analysed to get the C-A-S-H composition.  
 
The C-A-S-H composition obtained by STEM-EDX was compared with results obtained by SEM-
EDX. The determination of the C-A-S-H composition was done according to the method of Rossen 
[83]. An FEI Quanta 200 SEM was used with an accelerating voltage of 15 kV, with a working dis-
tance of 12.5 mm, and a spot size adjusted to get a current of approximately 0.8 nA. The determina-
tion of C-A-S-H composition was obtained from 200 points per sample. In order to get a more accu-
rate composition of C-A-S-H, inner product areas were sampled to minimise intermixing with other 
phases present in the microstructure. 
 
5.3.2 C-A-S-H density 
Immediately after mixing for 2 minutes at 1600 rpm, about 0.5 g of fresh paste was injected in the 
tube for NMR experiments. The tube was then sealed with parafilm and directly inserted in the 
NMR device to be continuously tested. A Bruker Minispec NMR spectrometer was used for all ex-
periments. The temperature of the device was kept constant at 20 °C. Both Carr-Purcell-Meiboom-
Gill (CPMG) and Quadrature-Echo (QE) pulse sequences were carried out in order to cover the 
whole range of T2 relaxation times. The CPMG and QE pulse sequences were alternatively used in 
a 3 hour / 1 hour arrangement. For QE sequences, the pulse gap τ varies from 15 µs to 45 µs. The 
signal was decomposed in the Gaussian solid part and the exponential liquid part. The solid intensi-
ty was then extrapolated to zero pulse using a Gaussian fit. Concerning the liquid part, the CPMG 
sequence was composed of 256 echoes recorded from 50 µs to 12 ms in a logarithmic spacing to 
cover five ranges of relaxation times. From the echo decays, the Inverse Laplace Transform (ILT) 
was applied to extract the relaxation times. The regularization factor which sets the sensitivity of the 
ILT is set to 1.5 x 10-6.  
 
The methodology for the determination of the C-A-S-H density by 1H-NMR is detailed in Appendix 
5. Mass and volume balance are applied, and in addition to 1H-NMR outputs, other data are re-
quired, such as the clinker, limestone and metakaolin reaction degree, as well as the chemical 
shrinkage data.  
 
For the XRD data collection needed for the mass and volume balance, the tests were carried out on 
fresh slices at 1, 3, 7, 28 and 90 days of hydration. XRD patterns were acquired with Bragg-
Brentano mode with a X’Pert PANalytical diffractometer with CuKα radiation operated at 45 kV 
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and 40 mA. Samples were scanned from 5 to 70 °2θ with a step size of 0.0167 °2θ using a 
X’Celerator detector. The equivalent time per step was 30 s, resulting in a total measurement time 
of 15 min per scan. Rutile was used as external standard.  
 
The chemical shrinkage was measured by continuously monitoring the position of an oil drop in a 
capillary on top of a sealed container of 7 g of cement paste (6-mm height) covered by water. The 
experiments were carried out in a bath at a constant temperature of 20 °C. The experiments were 
repeated 3 times for each sample. A blank sample filled with quartz and water was used to isolate 
the shrinkage of the cementitious blends only. The signal of the quartz system was subtracted to the 
signal of the systems.  
5.3.3 Porosity  
For MIP measurements, dried samples were tested. All experiments were carried out using Porotec 
140 and 440 devices. 0.7 g (2 pieces) of paste was used for each experiment. A contact angle of 
120° was used since a better agreement was found with the pore size obtained by 1H-NMR using 
this value [93]. 
 
5.4 Results 
5.4.1 Comparison of hydration between grey and white cement 
The hydration study was carried out on white cement to show that similar hydration process takes 
place compared to grey cement. Figure 5.2 shows the microstructure observed by SEM of PC and 
LC3-50 (95.0%) blend using grey cement and WPC and WLC3-50 (95.0%) with white cement at 3 
days of hydration. No significant differences are observed, except the absence of iron-bearing phase 
in the microstructure of white cement systems. A much denser microstructure is observed for the 
blends compared with plain cement.  
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Figure 5.2. Microstructure of PC and LC3-50 (95.0%) blend using grey cement and WPC and 
WLC3-50 (95.0%) with white cement at 3 days of hydration. 
 
As example of the similarities of hydration observed between white and grey cement, the degree of 
hydration of clinker is shown in Figure 5.3. The WPC system has a slightly higher DoH at late ages, 
which can be due to the absence of the low-reactive ferrite phase in the clinker. Moreover, the slow-
ing down of clinker hydration from 3 days onwards observed for the LC3-50 (95.0%) is also meas-
ured using white cement in the WLC3-50 (95.0%) blend. Portlandite content is also shown in Figure 
5.3. The portlandite consumption for the pozzolanic reaction is slightly delayed for the WLC3-50 
(95.0%).  
 
PC 3d 1500x 
LC3-50 (95.0%) 3d 1500x 
WPC 3d 1500x 
WLC3-50 (95.0%) 3d 1500x 
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Figure 5.3. Clinker hydration degree and portlandite content for PC and LC3-50 (95.0%) blend  
using grey cement and WPC and WLC3-50 (95.0%) with white cement. 
 
5.4.2 C-A-S-H composition 
Figure 5.4 shows the comparison of SEM-EDX ad STEM-EDX results for the PC and the LC3-50 
systems. The Al/Ca and Si/Ca atomic ratios are plotted to better identify the C-A-S-H composition 
and to exclude the phases intermixed with C-A-S-H. A global good agreement is found between the 
two techniques, considering the error of measurements. The deviations observed for STEM-EDX 
can be explained by the absence of a standard database for the measurements, as well as the inho-
mogeneities of the sample thickness. For SEM-EDX, the intermixing with other phases is the main 
reason for the error in the determination of the C-A-S-H composition, especially for the LC3-50 
(95.0%) system. 
 
Table 5.4 summarizes the Al/Ca and Si/Ca atomic ratios obtained for the different systems using 
both SEM-EDX and STEM-EDX techniques. Similar aluminium incorporation is observed for the 
reference PC and the LC3-50 (17.0%). The aluminium incorporation in C-A-S-H significantly in-
creases with the calcined kaolinite content of the calcined clay. This increase of aluminium incorpo-
ration is due to the increase of the aluminium concentration of the pore solution with the increase of 
the calcined kaolinite content, as described in Chapter 4. The Si/Ca ratio is higher for the LC3-50 
blends than for PC. This can be explained by the pozzolanic reaction of the metakaolin in the cal-
cined clay, providing aluminium and silicon to the system. This leads to the consumption of port-
landite and a decrease of the calcium concentration in the pore solution [28]. It seems that the Si/Ca 
ratio also increases with the calcined kaolinite content for STEM-EDX results. However, this is not 
really observed by SEM-EDX.  
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Figure 5.4. C-A-S-H composition for PC and LC3-50 (17.0%), (50.3%) and (95.0%)  
at 28 days of hydration obtained by SEM-EDX and STEM-EDX. 
 
Table 5.4. Al/Ca and Si/Ca atomic ratios of C-A-S-H  
obtained by SEM-EDX and STEM-EDX. 
 SEM-EDX STEM-EDX 
 Al/Ca Si/Ca Al/Ca Si/Ca 
PC 0.06 ± 0.01 0.51 ± 0.02 0.08 ± 0.01 0.53 ± 0.03 
LC3-50 (17.0%) 0.07 ± 0.02 0.62 ± 0.02 0.08 ± 0.03 0.57 ± 0.03 
LC3-50 (50.3%) 0.13 ± 0.02 0.67 ± 0.02 0.16 ± 0.01 0.65 ± 0.03 
LC3-50 (95.0%) 0.26 ± 0.03 0.67 ± 0.04 0.24 ± 0.01 0.73 ± 0.06 
 
As comparison, the C-A-S-H composition of the white cement systems is given in Table 5.5. Simi-
lar results are obtained between PC and WPC systems, and between LC3-50 and WLC3-50 blends, 
for a similar calcined kaolinite content.  
 
Table 5.5. Al/Ca and Si/Ca atomic ratios of C-A-S-H by SEM-EDX  
for WPC and WLC3-50 blends at 28 days of hydration. 
 SEM-EDX 
 Al/Ca Si/Ca 
WPC 0.05 ± 0.01 0.54 ± 0.02 
WLC3-50 (23.8%) 0.12 ± 0.01 0.62 ± 0.01 
WLC3-50 (39.0%) 0.17 ± 0.02 0.62 ± 0.02 
WLC3-50 (47.5%) 0.19 ± 0.04 0.64 ± 0.05 
WLC3-50 (95.0%) 0.28 ± 0.02 0.64 ± 0.03 
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5.4.3 C-A-S-H morphology 
The microstructure of PC and the LC3-50 (17.0%), (50.3%) and (95.0%) blends is shown in Bright 
Field (BF) mode and in High Angle Annular Dark Field (HAADF) mode in Figure 5.5 (PC and 
LC3-50 (17.0%)) and in Figure 5.6 (LC3-50 (50.3%) and LC3-50 (95.0%)). In all systems, a fibrillar 
C-A-S-H morphology is observed. Thus, neither the reaction of the calcined clay nor the calcined 
kaolinite content of the calcined clay influence the morphology of C-A-S-H. In addition to C-A-S-
H, ettringite (AFt) is also observed in the LC3-50 (17.0%), as well as unreacted metakaolin in LC3-
50 (95.0%).  
 
 
Figure 5.5. Microstructure of PC and LC3-50 (17.0%) at 28 days of hydration in  
Bright Field (BF) and High Angle Annular Dark Field (HAADF) modes. AFt refers to ettringite. 
 
 
C-A-S-H 
AFt 
PC BF PC HAADF 
LC3-50 (17.0%) BF LC3-50 (17.0%) HAADF 
C-A-S-H 
C-A-S-H 
AFt 
C-A-S-H 
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Figure 5.6. Microstructure of LC3-50 (50.3%) and (95.0%) at 28 days of hydration in  
Bright Field (BF) and High Angle Annular Dark Field (HAADF) modes.  
MK refers to unreacted metakaolin particle. 
 
5.4.4 Density of C-A-S-H 
5.4.4.1 Adsorption of water on metakaolin particles  
A preliminary test was carried out to investigate the influence of the water adsorption on metakaolin 
particles. A mix of calcined clay with 95.0% of calcined kaolinite and water with the same water to 
calcined clay ratio as for the WLC3-50 blend was studied. Figure 5.7 shows the CPMG signal for 
this sample. It shows that 97.5 % of water is present as free water in pores as large as capillary 
C-A-S-H 
C-A-S-H 
MK 
LC3-50 (50.3%) BF LC3-50 (50.3%) HAADF 
LC3-50 (95.0%) BF LC3-50 (95.0%) HAADF 
C-A-S-H 
MK 
C-A-S-H 
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pores detected 30 minutes after casting for WPC and WLC3-50 blends. Only a minor part of the 
signal is detected in pores showing similar relaxation time as spins in gel and interlayer water of C-
A-S-H, with respectively 0.7 % and 1.8 % of the signal. No solid signal was detected using QE 
pulse sequence. In Figure 5.7 is also shown the signal of the clay stored at 100 % relative humidity, 
until reaching stable mass of the wet powder. A very small amount of water is adsorbed by the me-
takaolin particles. A mass increase of 2.8 % was measured, with 76.1 % of this mass increase with 
similar relaxation time to interlayer water. 12.5 % and 11.3 % are described similar to gel water and 
capillary water of C-A-S-H, respectively. Thus, the influence of the water adsorption on metakaolin 
particles plays a negligible role in the 1H-NMR outputs.   
 
 
Figure 5.7. T2 distribution for calcined clay – water mix  
and calcined clay stored at 100 % of relative humidity. 
 
5.4.4.2 Assignment of 1H-NMR signals 
The evolution of the relaxation times with hydration is shown in Figure 5.8 (a) for WPC from 30 
minutes after casting to 160 days. Rectangles indicate the range of relaxation time for the different 
water populations corresponding to the water present in the capillaries / interhydrate space, in the 
gel pores, in the interlayer of the C-A-S-H or bound to crystalline phases. The small differences of 
relaxation times for instance for C-A-S-H interlayer water are due to the error of measurements of 
the device. The amount of capillary water progressively decreases with time due to its consumption 
during hydration. The trend towards smaller relaxation time indicates the refinement of the size of 
the capillary pores. The C-A-S-H formation is observed through the evolution of gel water and in-
terlayer water. Finally, the formation of crystalline phases keeps increasing with time.  
 
Based on the quantification of the different water populations in Figure 8 (a), their evolution is 
shown in Figure 5.8 (b). The amount of capillary water rapidly decreases to reach 45% of the total 
water signal at 1 day and 20% at 7 days. This amount keeps decreasing with time to be close to 3% 
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at 160 days of hydration. The amount of interlayer and gel water keeps increasing with time. The 
amount of water bound to crystalline phases also continuously increases with time.  
 
As comparison, the results obtained by Müller are indicated by plain lines [80]. Similar white ce-
ment was used, except for the alkali and sulfate contents adjusted in this study. The previous results 
from Müller showed that after 2 days, the gel pore water signal stabilizes [80]. In this study, the 
ratio of gel to interlayer water decreases with time but no stabilization is observed. This decrease 
can be explained by the formation of inner (denser) C-A-S-H forming without any gel water. This 
absence of stabilization of the amount of gel water observed in this study could be due to the sulfate 
adjustment of the cement, which slows down hydration, as observed by the later decrease of the 
capillary water in this study. The maximum of gel water might be reached at 60 days.  
 
  
Figure 5.8. Evolution of relaxation time (a) and of the different NMR signal fractions (b)  
for WPC. Plain lines indicate Müller’s data for WPC [80]. 
 
For the WLC3-50 (95.0%) in Figure 5.9 (a), the decrease of the amount of capillary water occurs 
until 1 – 2 days with a shift towards smaller relaxation times, and then the peak intensities and areas 
remain similar with time. This is confirmed by the quantification of the capillary water in Figure 5.9 
(b). The amount of capillary water is constant with time from 1.5 days onwards. About 43% of the 
total water signal is still present in the capillaries from 1 day onwards and the average capillary wa-
ter left after 1.5 days is about 33%.  
 
For the C-A-S-H formation, the main difference observed compared with WPC is the higher relaxa-
tion time of the hydrogen spins of the water in the gel pores (about 5.0x10-4 s for WLC3-50 (95.0%) 
compared with 3.2x10-4 s for WPC). This tends to indicate that the gel pores are slightly bigger for 
WLC3-50 (95.0%) blend. Moreover, the amount of water present in the gel pores reaches a maxi-
mum of about 36% of the total water signal at approximately 1.5 days of hydration. This amount 
slightly decreases then to 26% after 200 days of hydration. After 1.5 days, the interlayer water sig-
nal keeps increasing. The increasing formation of C-A-S-H can be the reason for the decrease of the 
gel water. First, the decrease of the gel to interlayer water ratio from 1.5 days onwards is thought of 
being due to the formation of inner “denser” C-A-S-H, without gel pores. Moreover, the slight de-
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crease of the gel water signal can be due to a progressive consumption of this gel water to form C-
A-S-H solid layers and this water is then present in the C-A-S-H interlayer. 
 
Concerning the signal fraction of the water bound to crystalline phases, a decrease could have been 
expected with time due to the pozzolanic reaction of the metakaolin from calcined clay with port-
landite. However, this decrease is not observed even if the intensity of the peak is slightly lower 
than for WPC at late ages. This is explained first by the formation of carboaluminate hydrates in 
WLC3-50 blends, and also because the fraction of water bound in portlandite (0.24 g of water per g 
of portlandite) is lower than ettringite (0.45 g of water per gram of ettringite). Thus, the amount of 
ettringite plays a bigger role in the peak intensity than portlandite.  
 
 
Figure 5.9. Evolution of relaxation time (a) and of the different NMR signal fractions (b)  
for WLC3-50 (95.0%). 
 
The influence of the calcined kaolinite content is shown for the WLC3-50 (39.0%) blend in Figure 
5.10. The relaxation time for the capillary water in Figure 5.10 (a) decreases until 1 day and is then 
constant with time. The main difference with the WLC3-50 (95.0%) is that the stabilization of the 
capillary water content occurs at around 7 days and its amount is lower (27% of the total water sig-
nal), as shown in Figure 5.10 (b). Thus, less water is present in the capillaries.  
 
The maximal amount of gel water is measured at around 5 days of hydration and decreases then, 
whereas the amount of interlayer water keeps increasing with time. The signal of the water bound to 
crystalline phases keeps slightly increasing with time.  
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Figure 5.10. Evolution of relaxation time (a) and of the different NMR signal fractions (b)  
for WLC3-50 (39.0%). 
 
5.4.4.3 Chemical shrinkage  
The chemical shrinkage results are shown in Figure 5.11. The WLC3-50 (95.0%) shows the highest 
shrinkage at early age with a significant increase until 5 days of hydration and the shrinkage is al-
most constant later on. The shrinkage is quite similar for the other blends, including the reference 
WPC system. There is no direct correlation between the calcined kaolinite content of the calcined 
clay and the chemical shrinkage. The main difference between the plain WPC and the blends is the 
slope of the shrinkage at late ages. Whereas the shrinkage does not significantly change with time 
for the WLC3-50 blends, the shrinkage keeps occurring for the plain WPC system.  
 
 
Figure 5.11. Chemical shrinkage measured for WPC and WLC3-50 blends. 
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5.4.4.4 Bulk and solid density of C-A-S-H  
The values of solid and bulk density of C-A-S-H were determined according to the method de-
scribed in Appendix 5. The values are shown in Figure 5.12 for WPC and for the different WLC3-
50 blends. The solid density of C-A-S-H (excluding gel water) globally slightly decreases from 
about 2.9 g.cm-3 to 2.7 g.cm-3 from 1 to 28 days of hydration. There is a spread between the differ-
ent systems but the variations are in the range of error. Thus, there is no major change in C-A-S-H 
solid density for reference WPC and for the WLC3-50 blends. The slight decrease of the solid densi-
ty observed with time for all systems can be explained by the increase of the C-A-S-H layers with 
time. The water present at the surface of the C-A-S-H surface is in direct contact with the gel water 
and shows a longer relaxation time than the interlayer water. For a number l of calcium silicate lay-
ers, l-1 interlayers of water are detected by 1H-NMR. Thus, with the increase of the number of lay-
ers l of the C-A-S-H, the average solid density slightly decreases since the ratio l / l-1 decreases 
with l.   
 
The determination of the bulk density of C-A-S-H (including gel water) also shows very similar 
results for WPC and for WLC3-50 blends. The values globally slightly increase from 1.85 g.cm-3 at 
1 day to 1.92 g.cm-3 at 28 days of hydration. Once again, the small variations observed between the 
different systems are in the range of error. Thus, neither the calcined clay nor the calcined kaolinite 
content in the calcined clay actually impact the density of C-A-S-H. The slight increase with time 
observed for all systems corresponds to the densification of the C-A-S-H, with the slowing down / 
stopping of gel pore formation from 1 to 7 days depending on the system. Similar results were 
found by Müller [112] for a blend with 10% of silica fume.  
 
 
Figure 5.12. C-A-S-H density for WPC and WLC3-50 blends.  
Plain and hollow symbols represent the solid and bulk densities, respectively.   
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5.4.5 Discussion 
5.4.5.1  Porosity investigation: Comparison between MIP and NMR data 
The MIP results obtained at 3 days and 28 days of hydration for WPC and the different WLC3-50 
blends are shown in Figures 5.13 and 5.14. At 3 days of hydration, a significant refinement of pore 
connectivity is observed for the WLC3-50 (47.5%) and (95.0%) blends compared with PC, with a 
lower pore threshold radius. However, these three systems show the same total porosity value. At 
28 days of hydration, the reference WPC has the lowest total porosity. All blends however present a 
refinement of pore connectivity compared with PC, this refinement increasing with the calcined 
kaolinite content of the calcined clay. Figures 5.15 and 5.16 show the derivative of the MIP cumula-
tive curves. The peak corresponding to capillary peaks can be observed for each sample. However, 
contrary to the study of Müller [112], it is not possible here to clearly distinguish a second peak 
corresponding to the gel porosity of C-A-S-H. For WPC, a clear peak for capillary pores is ob-
served, but the gel pore peak is hard to identify. For the WLC3-50 blends, the capillary peak is 
shifted towards lower pore entry radius, which might cause an overlapping with the measurement of 
the gel pores.   
 
 
Figure 5.13. MIP results at 3 days of hydration for WPC and WLC3-50 blends. 
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Figure 5.14. MIP results at 28 days of hydration for WPC and WLC3-50 blends. 
 
 
Figure 5.15. MIP derivative curves at 3 days of hydration for WPC and WLC3-50 blends. 
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Figure 5.16. MIP derivative curves at 28 days of hydration for WPC and WLC3-50 blends. 
 
In his work, Müller got excellent correlation between MIP and 1H-NMR capillary porosity [112]. In 
this study, since it is not possible to distinguish the capillary from the gel pore peak, the approach 
consists of determining the capillary pore volume based on 1H-NMR measurements to better under-
stand which kind of information is obtained by MIP for the WLC3-50 blends. From the results ob-
tained by 1H-NMR in Figures 5.8-5.10, the volume of capillary and gel porosity can be measured 
according to Equations 5.1-5.3, considering the gel water Igel, the water-filled capillaries Icap and the 
capillary voids formed due to chemical shrinkage and self-desiccation Ivoid. w/b refers to the water 
to binder ratio and Vpaste is the volume of paste per gram of anhydrous binder.  
 
 
Vcapillary voids = Ivoid ×
w / b
Vpaste
 Eq. 5.1 
 
 
Vcapillary water = Icap ×
w / b
Vpaste
 Eq. 5.2 
 
 
Vgel pores = Igel ×
w / b
Vpaste
 Eq. 5.3 
 
 
Figures 5.17 and 5.18 show the volume occupied by the capillary and gel pores in the WPC and the 
different WLC3-50 blends at 3 days and 28 days of hydration, respectively. The total porosity ob-
tained by MIP is also shown and compared to the results obtained by 1H-NMR. For all systems, all 
capillary pores are reached by MIP. For WPC, 33% of gel pores are reached by MIP at 3 days of 
hydration, and approximately 47% are reached at 28 days of hydration. For WLC3-50 blends, the 
fraction of gel pores measurable by MIP is globally smaller, and this fraction decreases with the 
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increase of the calcined kaolinite content. For the WLC3-50 (23.8%) blend, 62% and 36% of gel 
pores are reached by MIP at 3 days and 28 days of hydration, respectively. For the WLC3-50 
(95.0%) blend, MIP permits the measurement of only 10% of gel pores at 3 days and 11% at 28 
days of hydration. As observed by MIP in Figures 5.13-5.16, a significant refinement of pore con-
nectivity is observed for the blends, this refinement increasing with the calcined kaolinite content of 
the calcined clay. If the connectivity is finer, it might become harder for the mercury to intrude the 
C-A-S-H gel pores. This could explain why the fraction of gel pores intruded by mercury decreases 
with the increase of the calcined kaolinite content.  
 
 
Figure 5.17. Comparison between MIP porosity and 1H-NMR  
combined with chemical shrinkage outputs at 3 days of hydration. 
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Figure 5.18. Comparison between MIP porosity and 1H-NMR  
combined with chemical shrinkage outputs at 28 days of hydration. 
 
Using the fast exchange model of relaxation, the pore size can be estimated from 1H-NMR results 
[115, 116]. The size of capillary / interhydrate and gel pores is shown in Tables 5.6 and 5.7. The 
deviation for the capillary / interhydrate and the gel pore sizes is ± 1.6 nm and ± 1.2 nm, respective-
ly. As comparison, the pore diameter obtained by MIP is also shown at 3 and 28 days of hydration 
in Table 5.6, with a deviation of ± 2.7 nm. The size of capillary pores is underestimated by 1H-
NMR compared to MIP for all samples at 3 days and at 28 days, except for the WLC3-50 (95.0%) 
blend. This underestimation by 1H-NMR can be explained by the non-water saturation for most of 
pores. Empty pores are not detected by 1H-NMR and partially water-filled are “seen” finer (thin 
layers of water on the pore wall). This means that only the finest fraction of the pores is measured. 
The only acceptable correlation for the interhydrate pore size is obtained for the WLC3-50 (95.0%) 
blend. This could be explained by the higher relative humidity measured in Chapter 4 for the LC3-
50 (95.0%) compared to the PC and the other calcined clay blends.  
 
Concerning gel pore size, it is not possible to really distinguish by MIP a clear peak, contrary to the 
study of Müller [112]. 1H-NMR shows that the pore size is just at the limit of detection by MIP or 
slightly below.  
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Table 5.6. Estimation of pore size for capillary/interhydrate pores. 
Capillary / 
Interhydrate 
pore (nm) 
WPC WLC3-50 
(23.8%) 
WLC3-50 
(39.0%) 
WLC3-50 
(47.5%) 
WLC3-50 
(95.0%) 
1 day 19.1 14.1 14.1 12.3 11.5 
3 days 11.7 12.5 9.6 11.3 9.0 
7 days 10.7 10.6 12.3 11.7 9.8 
28 days 7.1 10.8 10.8 14.3 11.5 
3 days MIP 45.7 96.8 39.1 20.0 10.0 
28 days MIP 33.2 20.9 15.5 12.1 7.3 
 
Table 5.7. Estimation of pore size for gel pores. 
Gel pore 
(nm) 
WPC WLC3-50 
(23.8%) 
WLC3-50 
(39.0%) 
WLC3-50 
(47.5%) 
WLC3-50 
(95.0%) 
1 day 3.7 5.1 5.1 3.6 4.9 
3 days 2.3 3.8 3.2 4.3 3.5 
7 days 2.8 4.3 4.0 4.1 3.2 
28 days 2.4 3.9 3.8 4.7 4.0 
 
5.4.5.2 Microstructure development 
It is observed in Figure 5.9 that a significant amount of capillary water is still present by 1H-NMR 
from 3 days onwards in WLC350 (95.0%) system. MIP results also show that the total porosity val-
ue is very similar at 3 and 28 days for this system in Figures 5.13 and 5.14. At the same time, very 
fine capillary pores are measured (size of 6-8 nm). Since the formation of hydration products be-
comes harder and harder with the decrease of the capillary pore size, the amount of capillary water 
does not significantly decrease with time. As a consequence of the slowing down of hydration, the 
water present in the capillaries stays in the very fine water-saturated capillaries.  
 
Despite the slowing down of clinker hydration, the metakaolin reaction keeps occurring. First, the 
portlandite keeps being consumed from 3 days onwards (Figure 5.3). Moreover, the aluminium in-
corporation in C-A-S-H keeps increasing from 3 to 28 days, cf. Table 5.5. Finally, the amount of 
interlayer water keeps increasing, as shown in Figure 5.9. It increases from 12 % of the total signal 
at 3 days of hydration to 20 % at 28 days. At the same time, the amount of gel water decreases from 
38 % to 32 %.  
 
5.5 Conclusion 
The C-A-S-H of LC3-50 systems shows significant changes in terms of composition. The alumini-
um incorporation increases with the calcined kaolinite content of the calcined clay. The silicon to 
calcium ratio is quite similar for all blends, but higher than plain cement. A good agreement was 
found between SEM-EDX and STEM-EDX. STEM permits to overcome the interaction volume 
issue occurring with SEM. However, larger deviations were obtained using STEM. Due to its much 
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easier sample preparation, SEM-EDX is much more practical and more accessible way to obtain the 
composition of the C-A-S-H.  
 
In terms of morphology, STEM provides unique information on the morphology of the C-A-S-H, 
where a fibrillar morphology is observed for all systems. There is no influence of the calcined clay 
or of the calcined kaolinite of the calcined clay on the C-A-S-H morphology. 
  
The density of C-A-S-H investigated by 1H-NMR also shows that there is no significant influence 
of the calcined kaolinite content of the density of C-A-S-H. A solid density of around 2.8 g.cm-3 is 
found, and a bulk density of 1.95 g.cm-3 is determined for all systems at 28 days of hydration.  
 
In parallel to the determination of the C-A-S-H density, 1H-NMR reveals that a much higher 
amount of capillary water is measured for the blends than for the plain cement. Considering the 
amount of capillary voids by chemical shrinkage, the comparison with MIP results shows that for 
blends, mostly capillary pores are characterized by MIP. The fraction of gel pores reached by MIP 
decreases with the increase of the calcined kaolinite content of the calcined clay. About half of gel 
pores are reached by MIP for the plain cement system at 28 days of hydration.  
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6 Chapter 6 - Relationship between compressive 
strength and phase assemblage for Limestone 
Calcined Clay Cement (LC3) 
 
6.1 Introduction 
The characterisation of the microstructure is a key step to understand the mechanical properties of 
cementitious systems. Several authors attempted to correlate strength results with porosity [35, 43, 
66, 92, 117-123], with for most of cases a linear decrease of strength with the increase of porosity. 
However, this relationship cannot be universally applied for instance with a change of mix compo-
sition [118] or of temperature [60]. For calcined clay blends, Fernandez observed a linear trend be-
tween strength and porosity for plain PC and blends with 30% of illite or montmorillonite. Howev-
er, some shift was observed for a blend containing 30% of metakaolin [22].  
 
Another approach to explain the strength consists of considering the total volume of hydration 
products formed. To keep this approach consistent independent of the water to binder ratio for ex-
ample, the space available for the formation of hydration products needs to be taken into account. 
The gel to space ratio approach suggests that the strength is dependent of the volume of hydrates 
per space available for hydration. Powers used this approach to correlate strength and phase assem-
blage [124]. In his study, the best correlation with strength was obtained assuming that the gel was 
including all hydrates except portlandite [125]. Powers found a cubic relationship between strength 
and gel space ratio. There is no clear evidence why a cubic fit was used rather than a linear fit. 
However, this is probably because it forces the correlation to cross the origin. Lam and al. also used 
the gel space ratio and used an exponential fit for plain PC and fly ash blends [126]. The gel was 
considered as the volume of hydrated cement based on the hydration degree of clinker and fly ash, 
and the space was defined as the initial water content and the volume of reacted binder. More re-
cently, Termkhajornkit et al. [127] used the gel space ratio approach to claim that hydration prod-
ucts do not have the same contribution to strength development and that C-S-H phase plays a criti-
cal role. This is explained by the fact that during a compressive strength test, failure occurs through 
the weakest point of the microstructure, which would be a “foam” composed of C-S-H intermixed 
with porosity. Durdzinski et al. [74] considered for the gel space ratio calculation the exact amount 
of each hydration products obtained by mass balance and thermodynamic modeling. In his study, 
the gel was defined as the sum of hydration products. He found a bi-linear fit between mortar 
strength and the gel space ratio on pastes. This would indicate that contrary to the study of Term-
khajornkit et al. [127], all hydrates contribute equally to the strength development. Two main linear 
regimes were obtained, and a third one for very early-age hydration could also be assumed: 
- the first regime would go from setting time until reaching a connected network of hydration 
products  
- the second regime corresponds to the space filling by hydration products  
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- the third regime is claimed to be due to a densification of C-S-H, as observed by 1H-NMR 
[80] 
 
In this study, the use of Limestone Calcined Clay Cement (LC3-50) is investigated using various 
grades of calcined kaolinitic clays. Strength results in [90] showed a linear correlation with the cal-
cined kaolinite content of the calcined clays, and similar strength to PC was obtained from 7 days 
onwards for LC3-50 blends containing calcined clays with about 40% of calcined kaolinite. In order 
to understand such strength results, a study of the microstructure development of LC3-50 was car-
ried out in Chapter 4. The porosity was characterized, as well as the phase assemblage. In this chap-
ter, the correlations between strength results and both approaches, i.e. porosity and gel space ratio, 
are applied to try to understand the compressive strength results obtained for LC3-50 blends.  
 
6.2 Results 
6.2.1 Strength and porosity 
Figure 6.1 shows the correlation between the compressive strength at 3, 7 and 28 days and the total 
porosity values. At 3 days of hydration, a linear correlation is observed, i.e. higher porosity leads to 
lower strength. However, from 3 days onwards, the total porosity values remain very similar for the 
LC3-50 blends with calcined clay containing more than 65% of calcined kaolinite, while strength 
values keep increasing. The blends with a lower calcined kaolinite content progressively reach the 
limit of refinement of pore connectivity, as shown in Chapter 4. When this limit is reached, the cor-
relation between strength and total porosity starts deviating from the linear trends to a near vertical 
relationship.  
 
 
Figure 6.1. Correlation between mortar compressive strength and total porosity  
for LC3-50 blends. 
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In addition to the total porosity, the critical pore entry radius is another output obtained by MIP 
which permits to characterize the size of pore connected through the sample. The correlation be-
tween the compressive strength and the critical pore entry radius is shown in Figure 6.2. As ob-
served with total porosity, two regimes are observed, for LC3-50 with more or less than 65% of cal-
cined kaolinite in calcined clay.  
 
 
Figure 6.2. Correlation between mortar compressive strength  
and critical pore entry radius for LC3-50 blends. 
 
The mortar strength tests were carried out using samples with a water to binder ratio of 0.5 stored in 
a moist room. However, 0.4 sealed-cured samples were tested for pastes. In order to make sure that 
neither the curing condition nor the water to binder ratio play a role in these results, MIP results 
were also carried out on mortars at 28 days of hydration, for samples cured in the same conditions 
as mortar cubes used for compressive strength tests. The correlation between compressive strength 
and total porosity is shown in Figure 6.3. Lower total porosity values are obtained due to the pres-
ence of sand grains in the samples. The LC3-50 (95.0%) is clearly out of the trend since a higher 
total porosity is obtained for this system. The correlation between the mortar compressive strength 
and the critical pore entry radius in Figure 6.4 also shows similar results to MIP on paste. Even for 
mortars stored in moist room using a water to binder ratio of 0.5, a similar limit of pore connectivity 
refinement is reached at around 3-5 nm. Thus, the strength development of LC3-50 blends cannot be 
well explained by characteristics of the overall porosity. 
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Figure 6.3. Correlation of compressive strength and total porosity  
on LC3-50 mortar samples at 28 days of hydration. 
 
 
Figure 6.4. Correlation of compressive strength and critical pore entry radius  
on LC3-50 mortar samples at 28 days of hydration. 
 
6.2.2 Gel Space Ratio  
In order to determine the gel space ratio, the phase assemblage in cm3/100g is shown for PC and the 
different LC3-50 blends at 3 days of hydration in Figure 6.5 and at 28 days of hydration in Figure 
6.6. Mass balance was used to determine the amount of reacted metakaolin and the amount of C-A-
S-H formed, as detailed in Chapter 3. The bulk density value of C-A-S-H similar for all systems 
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was obtained from Chapter 5. The density of the other phases (anhydrous or hydrate) was taken 
from [128]. The highest volume of C-A-S-H is obtained for reference PC system at 3 days and at 28 
days. The total volume of hydration products is also the highest for PC. Moreover, at 3 days of hy-
dration, a similar volume of hydrates is obtained for LC3-50 blends containing calcined clay with 
more than 65% of calcined kaolinite. At 28 days of hydration, LC3-50 with at least 35% of calcined 
kaolinite show a similar total hydrate volume.  
 
 
Figure 6.5. Phase assemblage at 3 days of hydration for PC and LC3-50 systems. 
Hc = hemicarboaluminate, Ms = monosulfoaluminate, Ett = ettringite, CH = portlandite, Unreacted 
MK = unreacted metakaolin in the calcined clay, 2ndary in clay = other phases in calcined clay. 
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Figure 6.6. Phase assemblage at 28 days of hydration for PC and LC3-50 systems.  
Hc = hemicarboaluminate, Ms = monosulfoaluminate, Ett = ettringite, CH = portlandite, Unreacted 
MK = unreacted metakaolin in the calcined clay, 2ndary in clay = other phases in calcined clay. 
 
The gel space ratio as proposed by Termkhajornkit was first applied in this study [127], according 
to Equation 6.1. The gel was only composed of the volume occupied by C-A-S-H, VC-A-S-H. The 
space was defined as the sum of the initial water volume, Vwater,i, and the volume of reacted binder 
Vreacted binder (sum of the volume of reacted clinker, metakaolin, limestone and gypsum determined 
by XRD-Rietveld and mass balance). Figure 6.7 shows that considering only C-A-S-H as gel, a 
clear linear correlation is obtained for PC and for all LC3-50 blends. This could mean that the vol-
ume occupied by C-A-S-H plays a dominant role in the strength development, as claimed by Term-
khajornkit at al. [127]. The dashed lines indicate the deviations based on sensitivity analysis for all 
phases for LC3-50 blends. 
 
GSRC−A−S−H =
VC−A−S−H
Vwater , i +Vreacted binder
 Eq. 6.1 
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Figure 6.7. Correlation between compressive strength and gel space ratio  
considering only C-A-S-H as gel. 
 
The approach based on the study of Durdzinski et al [74] was then studied. The gel was defined as 
the sum of the volume occupied by the hydration products ΣVhydration products (sum of the volume of 
C-A-S-H, CH, Ett, Ms, Hc, hydrogarnet and hydrotalcite), and the space was still defined as the 
sum of the initial water volume and the volume left by the reacted binder, as detailed in Equation 
6.2. Figure 6.8 shows that some shift is observed between PC and LC3-50 blends. For the same 
strength, higher gel space ratio is determined for plain PC. The amount of gel is higher for PC due 
to the higher formation of hydration products, as observed in Figures 6.5 and 6.6. This higher gel is 
not compensated by a slightly higher available space.  
 
GSR
∑hydrates =
Vhydration products∑
Vwater , i +Vreacted binder
 Eq. 6.2 
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Figure 6.8. Correlation between compressive strength and gel space ratio  
considering the sum of hydration products as gel. 
 
The role of soft SCMs was then considered. Table 6.1 shows the elastic modulus measured by 
nanoindentation for most of phases involved in the LC3-50 blends. Metakaolin and limestone elastic 
modulus values are close to cement hydration products. As comparison, clinker phases or impurities 
in the calcined clay (mainly quartz) show a much stiffer behaviour. These fine inclusions of me-
takaolin and limestone in the hydration product matrix with similar elastic properties could behave 
similarly to C-A-S-H. They could take part of the load applied and strengthen the material. Moreo-
ver, these soft inclusions could also decrease stress concentrations in the material due to the de-
crease of the interfaces between the hydration product matrix and the sand / unreacted clinker parti-
cles.   
  
Table 6.1. Elastic modulus for the main cement phases  
and for minerals involved in LC3-50 blends. 
Phase 
Elastic modulus 
(GPa) 
Low density C-S-H (outer C-S-H) 21.7 ± 2.2 [129] 
High density C-S-H (inner C-S-H) 29.4 ± 2.4 [129] 
Portlandite 38 ± 5 [129] 
Metakaolin 40.1 ± 7.2 [130] 
Limestone 38.5 ± 2.5 [131] 
C3S 135 ± 7 [132] 
C2S 130 ± 20 [132] 
C3A 145 ± 10 [132] 
C4AF 125 ± 25 [132] 
Quartz 104.2 ± 5.9 [133] 
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To consider this assumption in the gel space ratio calculation, a modified version includes the vol-
ume of the soft inclusions Vunreacted metakaolin + Vunreacted limestone (unreacted metakaolin and limestone 
particles) as part of the gel according to Equation 6.3. The space calculation then includes the vol-
ume occupied by these unreacted soft inclusions.  
 
GSR
∑hydrates+soft inclusions =
Vhydration products( )∑ +Vunreacted metakaolin +Vunreacted limestone
Vwater , i +Vreacted binder +Vunreacted metakaolin +Vunreacted limestone
 Eq. 6.3 
 
Figure 6.9 shows that considering this assumption, less scatter is observed and the data of PC and 
the different LC3-50 blends fall on the same trend, with the two regimes observed by Durdzinski et 
al. [74]. The reason for the shift observed in Figure 6.8 could thus be the presence of the inclusions 
of soft SCMs in the microstructure.  
 
 
 
Figure 6.9. Correlation between compressive strength and gel space ratio considering the sum of 
hydration products and the unreacted limestone and metakaolin particles as part of the gel.  
 
6.3 Conclusion 
Due to the limited refinement of pore connectivity observed on paste and mortar for LC3-50 blends, 
it is not possible to get a good correlation between porosity measured by MIP and compressive 
strength. Neither the total porosity nor the critical pore entry radius permit to understand the 
strength results.  
 
In the case of considering only C-A-S-H phase as gel, a clear linear correlation between compres-
sive strength and gel space ratio is obtained for PC and for LC3-50 blends for all ages.  
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When all hydration products were included in the gel, a shift is observed between PC and LC3-50 
blends. This shift could be due to the influence of the fine inclusions of soft SCMs in the matrix. By 
correcting the gel space ratio, a clear bi-linear regime is observed for all systems.  
 
Thus, two possible interpretations are possible to explain strength results, either that the C-A-S-H is 
the critical phase for strength development (C-A-S-H intermixed with porosity as weakest point of 
the microstructure) or that the fine unreacted soft SCM inclusions play a role.  
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7 Chapter 7 - Chloride resistance of Limestone 
Calcined Clay Cement (LC3) using various 
grades of calcined kaolinitic clays  
 
The experiments of this Chapter were carried out by François Avet and Dr. Hamed Maraghechi. Dr. 
Hamed Maraghechi specially helped in µXRF and chloride ponding measurements.   
 
7.1 Introduction  
One of the most important durability concerns for concrete infrastructure is corrosion of steel rein-
forcement as a consequence of the transport of chloride ions (e.g., from sea water or de-icing salts) 
through concrete. The rate and extent of ion transport in concrete is influenced by both the physical 
pore structure of concrete at nano and micro scales, and the physical or chemical binding of chlo-
rides into some hydrates, specifically C-A-S-H and Al- or Fe-AFm phases. While the un-bound or 
free chlorides ions are considered to be responsible for corrosion of reinforcement, research on 
whether some of the bound chloride ions are perhaps contributing to corrosion or not is still on-
going. Therefore, understanding and quantifying physical and chemical characteristics of concrete 
with new cementitious components is essential for more accurate service-life prediction of concrete. 
 
Generally, it is known that the use of SCMs improves the resistance of concrete to ion transport.  
This is mainly attributed to the refinement of porosity observed for blended cements [44, 134]. In 
addition, the phase assemblage of hydrates is altered by addition of SCMs, with consequent changes 
(usually improvement) to chloride binding capacity of concrete [135-139].  
 
The binding of chloride can be first chemical. The presence of chloride mainly affects the AFm 
phases. For PC system, and after exposure to low Cl concentrations (< ≈0.2 M), formation of only 
Kuzel’s salt was thermodynamically predicted, and by increasing Cl concentration, Friedel’s salt 
formation occurs [140]. In presence of limestone, chloride ions progressively substitute carbonate 
ions in the AFm structure, leading to the conversion of hemi- and monocarboaluminate phases to 
Friedel’s salt. Kuzel’s salt does not form in presence of monocarbonate and Friedel’s salt [141]. 
Thomas et al. found an almost linear relationship between the bound chloride and the amount of 
Friedel’s salt formed [142].  
 
In addition to the chemical binding, some chloride ions can also be adsorbed on C-A-S-H [44, 143]. 
The physical adsorption of chloride on C-A-S-H depends on the C-A-S-H composition: the higher 
the Ca/Si, the higher the chloride adsorption [144, 145]. The type of salt and the cation used also 
influences the binding on C-A-S-H. Exposure of well-hydrated cement paste to CaCl2 was observed 
to result in more bound chloride compared to NaCl solution of the same Cl concentration [140, 
144]. As explained by Shi [71], the amount of chloride ions adsorbed in the diffuse layer of C-A-S-
H is due to the adsorption of positively-charged calcium ions on the negatively-charged C-A-S-H 
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surface. Chloride ions would then be adsorbed to compensate the positive charge of calcium. As a 
consequence, the pH drops using CaCl2 salt. This pH decrease is not observed for NaCl salt [71, 
140].  
 
There have been several studies on the durability of concrete containing calcined kaolinite clay, 
either as binary (PPC) or ternary (LC3) blends [137, 142, 146-149]. One main phase modification 
with the use of calcined clay is the uptake of Al in C-(A)-S-H structure, proven through 29Si MAS 
NMR analysis of hydrated LC3 pastes [69] or by SEM-EDX [150]. Limestone in LC3 cements, due 
to the availability of reactive aluminate from the clay, contributes to formation of further AFm 
phases of calcium monocarboaluminate (Mc) and calcium hemicarboaluminate (Hc) [43], which is 
expected to increase binding capacity of the concrete, while retaining ettringite against decomposi-
tion to monosulfoaluminate [37, 38]. 
 
Shi et al [71, 151] used pure metakaolin in preparation of binary PC-calcined clay or ternary LC3 
blends with 35% replacement level, with the clay/limestone ratio of 4. Significant improvement 
against chloride transport resistance of mortars was reported. It was observed that monocarboalu-
minate and stratlingite transform into Friedel’s salt, and the NaCl exposed zones are leached with 
portlandite, along with destabilization of limestone. Exchange of chloride ions with carbonates from 
monocarbonate is expected to increase calcite content, and reduce portlandite. Using TGA and 
XRD Rietveld analysis to quantify Friedel’s salt in blends containing pure metakaolin, it was con-
cluded that from the total chloride diffused into mortars, less than 5-10 % is bound into Friedel’s 
salt [151]. Moreover, chloride binding in LC3 and PPC paste mixtures was analyzed, using both 
NaCl and CaCl2. The distribution of chloride between Friedel’s salt, C-A-S-H and free chloride was 
quantified, and it was concluded that in PC-metakaolin blends, almost all bound chloride is chemi-
cally bound to Friedel’s salt and not physically adsorbed on C-A-S-H [71].  
 
This Chapter is focused on evaluating the chloride resistance characteristics of cementitious materi-
als composed of ternary mixtures of LC3-50 and also binary blends PPC30. While most past re-
search was focused on the use of fairly pure metakaolin, which is not viable as clinker substitute 
due to its high cost, we studied properties of mortar and paste mixtures with various grades of kao-
linite content, as they have larger global availability with lower cost. In addition to the rate of chlo-
ride transport, binding characteristics of PPC30 and LC3-50 binders are also studied.  
 
7.2 Materials  
The cementitious materials of this study include a CEM-I 42.5R from Heidelberg cement, Durcal 5 
limestone from Omya and five kaolinitic clays obtained from different sources worldwide. The 
clays were either calcined at around 800 °C for 1 h in a high temperature furnace in our laboratory, 
or received as calcined. The calcined kaolinite content wt% calcined kaolinite was calculated by TGA 
according to Equation 7.1, and detailed in Appendix 2, where wt% kaol-OH, calcined corresponds to the 
water loss of the remaining kaolinite in the calcined clay. Mkaolinite and Mwater refer to the molecular 
weights of kaolinite and water, respectively. As it can be seen in Table 7.1, a wide range of clay 
composition and of calcined kaolinite content is used in this study. Quartz was used to simulate a 
clay material with 0% kaolinite content. The values of dv50 were obtained using laser diffractometer 
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(Malvern) analysis, and the specific surface was measured by nitrogen adsorption using BET mod-
el.  
 
 
 
 
 
Table 7.1 Properties of the cementitious components used in this study. 
 
Cement 
Lime-
stone 
Quartz Clay 1 Clay 3 
Clay 
18 
Clay 
16 
Clay 
43 
Calcined kaolinite 
content (wt. %) 
– – 
– 
95.0 79.4 50.3 41.9 17.0 
Dv,50 (µm) 8.4 7.2 11.2 5.1 5.3 10.9 7.8 5.8 
BET surface (m2 /g) 0.9 1.8 1.2 9.6 15.3 45.7 9.2 18.7 
 XRF composition (wt.%) 
SiO2 19.3 0.1 99.8 52.0 51.8 44.9 53.5 68.4 
Al2O3 5.7 – – 43.8 42.4 32.3 34.8 17.5 
Fe2O3 3.6 – – 0.3 1.9 15.4 3.3 8.9 
CaO 63.6 55 – – 0.1 1.3 0.1 0.6 
MgO 1.6 0.2 – – 0.1 0.8 0.1 0.7 
SO3 3.2 – – 0.1 – 0.1 0.03 – 
Na2O 0.2 0.1 – 0.3 0.1 0.4 0.2 0.1 
K2O 1.2 – 0.1 0.1 0.1 0.2 0.2 2.3 
TiO2 0.3 – – 1.5 2.4 2.4 2.3 0.8 
P2O5 0.2 – – 0.2 0.1 0.4 0.2 0.1 
MnO 0.1 – – – – 0.1 0.01 – 
Others 0.3 – – 0.1 0.2 0.2 0.02 0.2 
LOI 0.8 42.6 0.1 1.5 1.0 1.7 4.7 0.5 
 
In addition to a reference PC system, two series of blends, including PPC30 and LC3-50 were pre-
pared. All the calcined clays were used in the LC3-50 blends. Only clays 1 and 16 of Table 7.1 were 
used in PPC30 blends. As detailed in the previous Chapters and in Appendix 1, 2% of gypsum was 
added to the PPC30 and LC3-50 blends to avoid undersulfation. The final composition of the plain 
PC and the blends is shown in Table 7.2.  
 
Table 7.2. Mix composition (wt.%) of PC, PPC30 and LC3-50 blends. 
 Clinker Anhydrite  Calcined clay Limestone Gypsum 
PC 94.1 5.9 - - - 
PPC30 64.5 4.1 29.4 - 2.0 
LC3-50 50.6 3.3 29.4 14.7 2.0 
 
 Eq. 7.1 wt%calcined kaolinite = wt%kaolinite −wt%kaol−OH , calcined ×
Mkaolinite
2Mwater
×
100−wt%kaol−OH , calcined
100
#
$
%%
&
'
((
Chapter 7 - Chloride resistance of Limestone Calcined Clay Cement (LC3) using various grades of calcined kaolinitic clays 
105 
7.3 Analytical details 
7.3.1 Ponding test 
Both mortar and paste samples were prepared using a water to binder ratio of 0.5. This water to 
binder ratio was also used on paste to accelerate the chloride penetration in the samples. To ensure 
similar workability to plain cement, a polycarboxylate superplasticizer was used (Mapei Dynamon 
SP914). The amount of superplasticizer added to the water increases with the calcined kaolinite 
content of the calcined clay, as detailed in Appendix 4. Mortar mixtures were cast in cylindrical (11 
cm diameter - 30 cm height) molds. After 24 h of curing in sealed conditions, specimen were 
demolded and stored in a fog room (RH>95%). After 28 days of curing, the mortar cylinders were 
saw cut into two halves, epoxy coated on all surfaces except the saw cut face and submerged in 3 
wt. % NaCl solution. Chloride profiles were obtained in accordance with ASTM-C1152 procedure 
after 1 and 2 years of exposure. This ponding experiment excludes the PPC-30 and LC3-50 mixtures 
with quartz system and 41.9 % of kaolinite content.  
 
Paste samples were prepared by initially blending the powders and mixing with distilled water for 2 
minutes at 1600 rpm. Fresh paste mixtures were cast in small plastic containers (3 cm diameter - 5 
cm height), cured for 24 h in sealed conditions, and followed by a curing under saturated lime water 
for 28 days. In a similar approach to mortar ponding experiment, after cutting away 1 cm from the 
surface of the paste cylinders, the side surface was coated with epoxy and exposed to 3 wt% NaCl 
solution. After 6 months of exposure, the paste samples were removed from the solutions, and dry 
saw cut to have a surface with chloride gradient being exposed. The paste samples were then 
ground using a sand paper for 2 minutes, while attention was made to ensure grinding was executed 
in a direction perpendicular to the diffusion direction (Figure 7.1). The samples were then dried 
using freeze-drying method. This method was used to prevent any loss of free or bound chloride. 
The exposed surface was analyzed using a µ-XRF technique (Orbis micro EDXRF). Multiple points 
were selected at each depth and the average values of EDX counts were calculated and reported. 
The analysis settings are provided in Table 7.3. Further information on the use of µ-XRF to analyze 
chloride transport in cementitious materials can be found in [152]. 
 
 
Figure 7.1 µ-XRF sample preparation. 
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Table 7.3 µ-XRF settings used in this study. 
Operating condition Details 
Beam voltage (kV) 25 
Dead time (%) 30 (beam current was automatically adjusted) 
Chamber Vacuum 
Filter 25 µm aluminum 
Acquisition time (s Live) 300 
Beam spot size (µm) 30 
Time constant (µs) 12.8 
 
7.3.2 Binding isotherm 
To measure the chloride binding capacity and study the interactions of NaCl solution with LC3-50 
and PPC-30mixtures, 28 day cured paste samples were dried. Small pieces (0.5-1.0 mm) of dried 
paste, as well as one 1.0 mm thin paste slice (3 cm diameter) were submerged in NaCl solutions of 
0.1, 0.3, 0.5, 1.0 to 2.0 mol/L (M), and a reference deionized water. The slice in each container was 
used for characterization purposes, as explained below. After 4 months of exposure, when the stabi-
lization of NaCl concentration was achieved, the concentration of the solutions was measured using 
AgNO3 potentiometric titration method to measure the amount of bound and free chloride. No fur-
ther adjustment was made to analyze the isotherms at higher pH and the findings of this study are 
valid only for the conditions explained here. The solution volume to dried paste ratio was kept at 4 
cm3/g.  
 
X-ray powder diffraction (XRD), with Rietveld refinement, was employed to quantify phase assem-
blage in paste samples after exposure to NaCl solutions or water on the thin slice in the solution. A 
PANalytical X'Pert Pro MPD diffractometer using Cu-Kα source (λ=1.54 Å) with a fixed diver-
gence slit size of 0.5° was employed. To get a better identification and quantification of Friedel’s 
salt, an equivalent step size of 1 min was used, with a step size of 0.0167 °2θ. To keep the test dura-
tion close to 15 minutes, the samples were scanned from 5° to 40° only. XRD results were coupled 
with mass balance approach to determine the reaction degree of metakaolin as well as for quantify-
ing the amount of C-A-S-H formed. 
 
To investigate the chloride adsorption on C-A-S-H, the elemental composition of C-A-S-H was 
determined by SEM-EDX. Paste samples that were exposed to either water or 2 M NaCl solution 
were dried using solvent exchange method and impregnated in a low viscosity epoxy resin. This 
drying method is assumed to removing only the free chloride, but not the chemically and physically 
bound chloride. Through successive grinding and polishing, using diamond abrasives down to 1 µm 
size, a flat surface was exposed for the analysis. The carbon-coated polished sections were studied 
using a FEI quanta 200 scanning electron microscope, equipped with a W-filament operated at an 
accelerating voltage of 15 kV. Over 200 points per sample were measured to find the average com-
position of C-A-S-H, and the amount of chloride in C-A-S-H. 
 
Mercury intrusion porosimetry (MIP) (Porotec Pascal 140-440 instruments) up to a maximum pres-
sure of 400 MPa was employed. As before, the solvent exchange drying method was employed. In 
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addition to the water cured paste sample, selected mixtures were analyzed after exposure to 2 M 
NaCl solution to investigate if interaction of the binders with chloride ions may affect the porosity 
of the binders or not. Those mixtures include PC as well as LC3 prepared using clays with 17.0%, 
50.3% and 95.0% of calcined kaolinite. 
 
7.4 Results and Discussions 
7.4.1 Ponding test profiles 
The extent of chloride diffusion in mortar samples after 1 and 2 years of exposure to 3 wt.% NaCl 
solution is shown in Figure 7.2. It shows that the chloride content is the highest for PC at the sur-
face at the sample but also in depth. All LC3-50 blends show a better chloride resistance to PC, even 
for the LC3-50 (17.0%) containing 17.0% of calcined kaolinite. The depth of chloride diffused in 
LC3-50 mortars made using calcined clays with more than 50% of calcined kaolinite content are 
much lower than that of PC. After 2 years of exposure, chloride ions have reached down to approx-
imately 5 cm in PC mortars, while in LC3-50 mixtures (of 50% and higher kaolinite content), it is 
only about 1 cm. It is interesting to notice that the chloride content measured at the top surface of 
the samples is also much higher for PC, which would mean that PC has a higher binder capacity 
than the LC3-50 blends. However, it is likely that the lack of detailed information at the top surface 
does not permit to claim such statement. Shi managed to quantify the chloride content at 0.5 mm 
and 1.5 mm deep [151], and he found that the chloride content was significantly increasing for a 
ternary blend of calcined clay and limestone and it was reaching values close to the reference PC 
blend.  
 
 
Figure 7.2 Total chloride profiles for PC and LC3-50 mortars  
after 1 and 2 years of exposure to 3 wt.% NaCl ponding solution. 
 
Profiles of total chloride are plotted in Figure 7.3 on paste samples that were exposed to 3 wt.% 
NaCl solution for 6 months. The measurements were carried out using µ-XRF method. These re-
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sults are globally in agreement with the mortar results in Figure 7.2. In Figure 7.3 (a), the LC3-50 
(17.0%) shows a very similar behavior to PC. Only the system with quartz (LC3-50 (0%)) has a 
worse resistance to chloride than PC. The improvement of the chloride resistance is related to the 
calcined kaolinite content. The chloride penetration depth decreases faster with increasing the cal-
cined kaolinite content. However, there is no significant gain of using calcined clay with 79.4% and 
95.0% of calcined kaolinite compared with LC3-50 (50.3%) and LC3-50 (41.9%).  
 
A better spatial resolution is obtained by µ-XRF compared with chloride titration. The difference at 
the top surface is slightly lower between PC and the LC3-50 blend (50.3%) for instance compared 
with mortar samples.  
 
Figure 7.3 (b) shows the comparison between LC3-50 and PPC30 blends. LC3-50 and PPC-30 paste 
mixtures show comparable resistance against diffusion of chloride ions. Chloride seems to penetrate 
slightly deeper for the PPC30 (41.9%), whereas a lower chloride content is measured at the surface 
of the PPC30 (95.0%). Globally the results are similar between PPC30 and LC3-50 blends.  
 
 
Figure 7.3 Profile of chloride measured using u-XRF method after 6 months of exposure to 3 wt.% 
NaCl ponding solution for PC and LC3-50 pastes (a), and compared with PPC30 (b). 
 
The apparent diffusion coefficient values corresponding to the ponding test on mortar and on paste 
are calculated based on total chloride content, using Fick’s 2nd law of diffusion according to ASTM 
C1556. The values are reported in Figure 7.4. The apparent diffusion coefficient decreases with the 
increase of the calcined kaolinite content of the calcined clay. It is about two orders of magnitude 
lower for LC3-50 (95.0%) compared with LC3-50 (0%) containing quartz.  
 
Similar trends are obtained for the mortar and the paste samples. However, the apparent diffusion 
coefficient is about twice higher for paste samples. This could be due to the slightly more advanced 
hydration for mortar samples (1 year and 2 years). It might also be explained by the higher resolu-
tion for µ-XRF samples. The apparent diffusion coefficient is determined from the slope of the 
chloride profiles. Since µ-XRF gives more points, especially at very low depth, the slope is better 
captured and is slightly higher compared with profile titration [152].  
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Figure 7.4 Apparent diffusion coefficients for PC and LC3-50 mortar and paste samples,  
calculated using ASTM C1556 method. 
 
7.4.2 Binding capacity of LC3-50 blends 
7.4.2.1 Binding isotherms 
Binding of chloride ions to different hydrates, specifically C-A-S-H and AFm phases may also mit-
igate the rate and extent of chloride diffusion through concrete and ultimately the time of rein-
forcement corrosion in concrete structures. Binding isotherm curves of the LC3-50 and PPC-30 
pastes are plotted in Figure 7.5. As comparison with the ponding test, a line at 0.51 M (3 wt.%) in-
dicates the NaCl concentration used for the ponding test. Figure 7.5 (a) shows that at 0.1 M and 0.3 
M NaCl, the total binding in PC is very similar to all LC3-50 blends. At 0.5 M and 1M, LC3-50 
(0%), (17.0%) and (95.0%) show a lower binding than the other systems. At 1 M and 2 M, higher 
binding than PC is measured for LC3-50 blends (41.9%), (50.3%) and (79.4%). Thus, the binding is 
the highest for calcined clays with 40-80% of calcined kaolinite. 
 
At the concentration of the ponding test (0.51 M), the chloride binding is very similar for PC and 
the LC3-50 blends with 40%-80% of calcined kaolinite. Thus, the difference observed for these sys-
tems in the ponding test may not be explained by a different binding capacity.  
 
The comparison of PPC30 with LC3-50 in Figure 7.5 (b) shows that for the LC3-50 (95.0%), less 
chloride is bound for the PPC30 (95.0%), whereas the PPC30 (41.9%) seems to have a higher bind-
ing capacity than the corresponding LC3-50 (41.9%). 
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Figure 7.5 Binding isotherm curves for PC and LC3-50 pastes (a), compared with PPC30 (b). 
 
In order to better observe the influence of the grade of calcined clay on the chloride binding, Figure 
7.6 shows the bound chloride as a function of the calcined kaolinite content for the different NaCl 
concentrations. It can be observed that from 0.3 M onwards, the chloride binding is the highest for 
the calcined clays containing 40%-50% of calcined kaolinite, range which can be extended to 40%-
80% at 1 M and 2 M.  
 
Figure 7.6 Total chloride binding as function of the calcined kaolinite content. 
 
7.4.2.2 Distribution of the bound chloride in the hydrated phases 
To understand these binding isotherms results, the phase assemblage study was carried out to de-
termine in which phase the chloride plays a role. The degree of hydration is shown in Figure 7.7, as 
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well as the amount of reacted metakaolin determined by mass balance. The degree of hydration of 
clinker decreases with the calcined kaolinite content, whereas the amount reacted metakaolin in-
creases. Concerning the formation of hydration products in Figure 7.8, the amount of C-A-S-H 
globally increases with the calcined kaolinite content, whereas the amount of carboaluminate hy-
drates increases up to 41.9% of calcined kaolinite, it is similar up to 79.4% of calcined kaolinite and 
decreases then. The explanation for this limited formation of carboaluminate hydrates is likely to be 
the lack of large pores in the microstructure, as discussed in Chapter 4. The same minimum critical 
pore entry radius of about 2-5 nm is reached for the LC3-50 (50.3%) and (95.0%), as shown in Fig-
ure 7.9. In this study, pastes were cast using a water to binder ratio of 0.5. Thus, more space is pro-
vided compared to the pastes cast at 0.4 in Chapter 4. Still this lack of big pores is faced at least for 
the LC3-50 (95.0%) where the formation of carboaluminate hydrates is limited.  
 
 
Figure 7.7 Degree of hydration of clinker and amount of reacted metakaolin  
for the different LC3-50 blends. 
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Figure 7.8 Amount of C-A-S-H and carboaluminate hydrates  
for the different LC3-50 blends. 
 
 
Figure 7.9 MIP results for PC and LC3-50 (17.0%), (50.3%) and (95.0%). 
 
The amount of Friedel’s salt shown in Figure 7.10 (a) for the different NaCl concentrations, in par-
allel to the amount of carboaluminate phases in Figure 7.10 (b). Significant amount of Friedel’s salt 
already form in 0.1 M NaCl solution, consuming most of the amount of carboaluminate hydrates. 
The amount of Friedel’s salt is higher in LC3-50 containing calcined clays with 40%-50% of cal-
cined kaolinite, which originates from the higher amount of carboaluminate phases in these sys-
tems.  
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Figure 7.10 Amount of Friedel’s salt (a) and carboaluminate phases (b)  
in PC and LC3-50 pastes. 
 
It should be noted that in this study, the binding experiment was carried out on paste samples with a 
water to binder ratio of 0.5, unlike other studies where a higher water content was used. The use of 
w/b of 0.5 limits hydration of the solids, yet has the advantage of better representing the real micro-
structure that develops in concrete. If higher w/b was allowed, perhaps the degree of hydration of 
clinker and the amount of reacted metakaolin would become higher, which could have resulted in 
higher binding capacity of the pastes.  
 
In order to get the complete distribution of the bound chloride in the different samples, the amount 
of chloride adsorbed on C-A-S-H can be obtained as the difference between the total bound chloride 
in Figure 7.5 and the amount of Friedel’s salt in Figure 7.10. This distribution is shown for PC and 
the different LC3-50 blends in Figure 7.11 at 1 M and 2 M. The determination of the chloride con-
tent in Friedel’s salt at low NaCl concentrations (0.1 M, 0.3 M and 0.5 M) is challenging due to the 
coexistence of solid solutions of Mc (or Hc) and Friedel’s salt [141]. This is shown on XRD pat-
terns of the pastes, presented in Appendix 6. The peak around 11.7 2θ° corresponds to Mc phase, 
which after exposure to NaCl of low concentration shifts towards lower angle, and by increasing the 
NaCl concentration shifts back to the theoretical position of pure Friedel’s salt, when Friedel’s salt 
is completely replacing Mc. The LC3-50 (17.0%) even shows at 0.1 M and 0.3 M two peaks within 
10.5-11.5 2θ°, indicating the coexistence of two phases, most probably Friedel’s salt and a solid 
solution of Mc and Friedel’s salt. Thus, the accurate amount of chloride bound to Friedel’s salt is 
not straightforward to obtain at low NaCl concentrations.  
 
In Figure 7.11, the error for quantification of Friedel’s salt in XRD is found to be ±1.1 g Friedel’s 
salt in 150 g paste (100 g initial solid). The error for total bound chloride, measured using AgNO3 
titration is also found to be 0.05 mmol Cl per g dried paste. These errors affect the bar charts.  
 
The results evidence that the binding of chloride ions occurs in Friedel’s salt and in C-A-S-H. In 
LC3-50 pastes, the binding of chloride is dominated by the chloride bound to Friedel’s salt, whereas 
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the chloride for the reference PC is mainly adsorbed on C-A-S-H. For PC, the lower initial amount 
of AFm phase is the reason for the lower formation of Friedel’s salt.   
 
 
Figure 7.11 Distribution of bound chloride between C-A-S-H and Friedel's salt  
in PC and in the different LC3-50 pastes. 
 
One way to verify that the chloride content adsorbed on C-A-S-H in Figure 7.11 is correct is to cal-
culate this amount, knowing the total C-A-S-H formed by mass balance, and the Cl/Ca ratio of the 
C-A-S-H. Figure 7.12 shows the atomic composition of the C-A-S-H for samples stored in water 
and in 2 M NaCl solution. Al/Ca versus Si/Ca and Al/Ca versus Cl/Ca atomic ratios are shown in 
Figure 7.12 (a) and (b), respectively, for PC and LC3-50 (17.0%), (50.3%) and (95.0%). The inter-
action with chloride ions does not change the composition of C-A-S-H, except for the chloride ad-
sorption which is observed for all samples stored in 2 M NaCl solution. A slightly higher Cl/Ca is 
measured for the LC3-50 (95.0%) and PC. 
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Figure 7.12 (a) Al/Ca versus Si/Ca and (b) Al/Ca versus Cl/Ca atomic ratios of C-A-S-H  
for PC and LC3-50 pastes stored in water or in 2 M NaCl solution. 
 
The correlation of the amount of adsorbed chloride measured experimentally and calculated as the 
difference of the total bound chloride and the chloride incorporated in Friedel’s salt is shown in 
Figure 7.13. The dashed line indicates the ideal fit. A good correlation is obtained for PC and the 
LC3-50 (17.0%) and LC3-50 (50.3%) blends. However, some deviation is observed for LC3-50 
(95.0%) sample. This could be due to the difficulty of accurately measuring the Cl/Ca for this sys-
tem due to the fine intermixing of metakaolin particles with C-A-S-H observed for this system. 
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Figure 7.13 Amount of adsorbed chloride on C-A-S-H determined experimentally by SEM-EDX 
and calculated as the difference of the total bound chloride and the chloride in Friedel’s salt. 
 
7.4.3 Porosity results 
MIP cumulative and derivative results in Figure 7.14 (a) and (b) show that the interaction of the 
binders with chloride ions does not significantly affect the porosity. Significant refinement of po-
rosity is observed for LC3-50 (50.3%) and (95.0%) compared to PC for samples stored in water or 
in the 2 M NaCl solution. The samples stored in the 0.5 M NaCl (concentration of the ponding test) 
are likely to also show similar porosity distribution. This refinement of pore connectivity is in good 
agreement with the ponding results obtained in Figure 7.2, i.e. a smaller critical pore entry radius 
leads to a lower apparent diffusion coefficient. The critical pore entry radius of PC and LC3-50 
(17.0%) is very close, as well as their apparent diffusion coefficient. The same observation can be 
made for the LC3-50 (50.3%) and LC3-50 (95.0%) blends. 
 
Since the binding is quite similar for all systems at 0.5 M NaCl solution, the difference in ponding 
results can be explained by the significant differences in terms of pore refinement.  
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Figure 7.14 Cumulative (a) and derivative (b) pore structure  
of PC and LC3-50 (17.0%), (50.3%) and (95.0%). 
 
7.5 Conclusion 
 
The chloride resistance of LC3-50 blends with more than 40% of calcined kaolinite is significantly 
improved compared with PC. The apparent diffusivity values are calculated to be 1-2 order of mag-
nitude lower than PC. This is mainly attributed to the refined porosity of the binders when calcined 
kaolinitic clays are used.  
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The binding of chloride ions to monocarboaluminate phase is evident. The amount of Friedel’s salt 
is related to the initial amount of AFm phases present in the samples. Also, some of the bound chlo-
ride is physically bound to C-A-S-H.  
 
Thus, this study demonstrated the feasibility of using widely-available calcined kaolinitic clays with 
a calcined kaolinite content of 40%-50% as clinker substitute. These calcined clays can be found in 
many locations worldwide, where substantial improvement with regards to chloride penetration can 
be achieved. 
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8 Chapter 8 - Conclusion & perspectives 
The thesis aimed to investigate the feasibility of using various grades of calcined kaolinitic clays as 
clinker substitute in LC3 in terms of strength and chloride resistance.  
 
8.1 Final summary 
8.1.1 Understanding of factors controlling reactivity 
- 46 clays collected from different places around the world were characterized and their reac-
tivity was assessed through a benchmark test of calcined clay strength. Compressive 
strengths are linearly correlated with the calcined kaolinite content up to 7 days, showing 
that the calcined kaolinite content is the overwhelming parameter controlling the strength 
development of the LC3-50 blends. Other factors such as the fineness, the specific surface, 
the calcination process or the secondary phases of the calcined clays do not significantly im-
pact the strength development.  
 
- Moreover, similar compressive strength to PC is obtained already at 3 days for LC3-50 con-
taining fairly pure metakaolin. From 7 days onwards, the use of clays with 40% of calcined 
kaolinite or more reach strengths higher than PC, demonstrating the potential of using these 
widely-available clays as clinker substitute.  
 
- From 7 days onwards, the strength increase with the calcined kaolinite content becomes less 
significant for the clays with more than 45% of kaolinite content. Thus, there is no major 
gain of using fairly pure metakaolin rather than clays of 40-50% of calcined clays.  
 
- In parallel to this benchmark test, a new R3 reactivity test was developed in order to predict 
in a much faster way the reactivity of calcined clays. To ensure high pozzolanic reactivity 
and similar environment conditions as a hydrating LC3-50 blend, the optimal mix design by 
mass was found to be 0.06 SO3 / calcined clay, 0.08 K2O / calcined clay with a portlandite to 
calcined clay ratio of 3. Based on isothermal calorimetry test at 40°C, linear correlations 
were obtained between compressive strength and the heat release after only 24 h of reaction, 
showing the relevance of the test. To make this test even more practical and universal with-
out any need of a calorimeter or any other expensive equipment, an alternative way of 
measuring the reactivity was designed simply using an oven. Good correlations with mortar 
strength were obtained within 3 days of testing. Thus, instead of waiting for 28 days to get 
the reference strength of LC3-50 mortar, the R3 permits to get after 24 h by isothermal calo-
rimetry or after 3 days for the oven method a reliable indication on the reactivity of calcined 
clay.  
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8.1.2 Phase assemblage study  
- To fully characterize the hydration of LC3-50 blends, a reliable method to determine the 
amount of reacted metakaolin was required. Mass balance permits to get the most reliable 
results compared with thermodynamic modelling and PONKCS method. Thermodynamic 
modelling underestimates the amount of reacted metakaolin at late ages because of the mod-
el used as C-S-H in GEMS, which fixes the Ca/Si to 1.63. The experimental values obtained 
for the LC3-50 blends are lower (from 1.49 to 1.58). Despite its very fast experiment time, 
higher deviations were obtained with PONKCS. Quite similar results of reacted metakaolin 
were obtained for LC3-50 blends containing more than 60% initially present in the calcined 
clay. Below this value, the small amount of unreacted metakaolin left in the sample was too 
small to be accurately quantified.  
 
- The hydration study of LC3 showed that the calcined kaolinite content significantly influ-
ences the kinetics and the phase assemblage. The higher the calcined kaolinite content, the 
faster the refinement of pore connectivity until a maximum refinement of the critical pore 
entry radius of about 3-5 nm was reached. From this point, the growth of hydration products 
is limited by the increase of the supersaturation level required. This limit is reached at 3 
days of hydration for LC3-50 blends containing calcined clays with more than 65% of cal-
cined kaolinite. From this age, the clinker hydration is significantly slowed down. This lack 
of large pores also limits the formation of carboaluminate hydrates for these blends. As a 
consequence, the on-going reaction of metakaolin of the calcined clay leads to the increase 
of the aluminium in the pore solution. Following the pore solution composition, the alumin-
ium incorporation in the C-A-S-H increases.  
 
- The main difference observed for the C-A-S-H between PC and LC3-50 blends was the sig-
nificant change of composition, especially concerning the aluminium incorporation increas-
ing with the calcined kaolinite content. The morphology and the density of the C-A-S-H 
were found to be very similar between PC and the LC3-50 containing different calcined 
clays.  
 
- Concerning the relationship between strength and phase assemblage, a first attempt using 
porosity results did not permit to get a clear correlation, due to the limit of refinement of 
pore connectivity reached already at 3 days for LC3-50 blends with calcined clay with more 
than 65% of calcined kaolinite. The gel space ratio approach was then used and a good rela-
tionship was obtained with compressive strength, considering either C-A-S-H as gel (C-A-
S-H intermixed with porosity as weakest point of the microstructure), or considering unre-
acted metakaolin and limestone particles as part of the gel (fine soft inclusions acting simi-
larly to C-A-S-H due to similar elastic properties). 
 
- The lower increase of mortar strength with the calcined kaolinite content at late ages can be 
explained by the decrease of the clinker hydration and the quite similar amount of reacted 
metakaolin with the increase of the calcined kaolinite content of the calcined clay. 
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8.1.3 Evaluation of chloride resistance 
- For ponding test in 2M NaCl, LC3-50 blends with calcined clays with at least 40% of cal-
cined kaolinite show better resistance than plain PC. The diffusivity coefficient calculated 
from these ponding tests is 1 order of magnitude lower for LC3-50 with 95% of calcined ka-
olinite compared with PC. These results are in good agreement with porosity results, and es-
pecially with the refinement of pore connectivity. The higher the calcined kaolinite content, 
the higher the porosity refinement, the higher the chloride resistance.  
 
- The influence of the binding does not play a major role in the chloride resistance. The bind-
ing is the highest for blends with about 50% of calcined kaolinite, because this system 
shows the highest formation of carboaluminate hydrates, which is then converted into 
Friedel’s salt. For PC and the blend with the fairly pure metakaolin, the formation of 
Friedel’s salt is limited due to the limited formation of AFm phases (due to the lack big 
pores for the LC3-50 blend). Chloride adsorption on C-A-S-H is observed for all systems. 
 
8.2 Perspectives 
8.2.1 Strength development 
- More work is currently underway to enhance the early-age strength of LC3-50. Alkali addi-
tion is a way of accelerating clinker and SCM reactions. An optimized alkali adjustment 
could maybe permit to get higher strength, while maintaining similar strength to PC at later 
ages.  
 
- Another strategy would consist of improving the initial packing of LC3-50 blends. In this 
study, the limestone and the clinker used showed similar size distribution, and most of cal-
cined clays were also covering the same range of size. With a better packing working at 
constant flow, the space filling could be optimized and the porosity could be reduced.  
 
- The enhancement of reactivity could also be promoted using grinding aids. The grinding of 
LC3 is quite challenging due to the different materials used. Intergrinding is not ideal be-
cause the soft SCMs will be ground very fine while the clinker remains coarse. Separate 
grinding would be more efficient, but it is less economically-viable. Grinding aids would 
permit us to improve the intergrinding by preventing the agglomeration of fine particles. 
This would permit to adequately grind the clinker. Some type of grinding aids also seem to 
accelerate the hydration of specific phases, such as C4AF of clinker. The influence of the 
grinding aids on the reactivity of clinker and metakaolin could thus be investigated.  
 
- Since higher strengths than PC are obtained for clays with more than 60% of calcined kao-
linite, the clinker content could be further decrease to 45% or even 40% to see if further CO2 
savings could be feasible. The lack of portlandite is likely to limit the reaction of metakaolin 
of the calcined clay. Moreover, part of the unreacted metakaolin could be replaced by lime-
stone to improve rheology and reduce the cost of the blended cement.  
 
Chapter 8 - Conclusion & perspectives 
122 
8.2.2 Microstructure development 
- The lack of large pores responsible for the slowing down of clinker hydration and the lim-
ited formation of carboaluminate hydrates is observed for the sealed samples at a w/b of 0.4. 
It would be interesting to increase the space available by increasing the water to binder ratio 
to see until which water to binder ratio the space limits the hydration progress. A first in-
sight is given by the chloride study where 0.5 was used. It showed that the formation of car-
boaluminate hydrates was still limited for the LC3-50 containing the fairly pure metakaolin, 
and that the degree of hydration of clinker was decreasing with the calcined kaolinite con-
tent of the calcined clay. 
 
- Concerning the porosity investigation, in addition to MIP technique, 1H-NMR results could 
also be compared with nitrogen adsorption measurements to investigate if the pore size ob-
tained is in good agreement for both techniques.  
 
8.2.3 Durability  
- Concerning the durability, an on-going study is carried out to investigate the influence of the 
calcined kaolinite content on the carbonation resistance of the LC3-50 blends. Natural car-
bonation is studied for different curing times, different storage conditions and different cli-
mates. Carbonation is expected to be worse than PC for any SCMs for the same curing time 
and same humidity conditions due to the lower amount of carbonatable phases in blends. 
However, a comparison with other SCMs will be done to observe the behaviour of LC3-50 
blends compared with fly ash or slag. 
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9 Appendix 
9.1 Appendix 1 : Cements and sulfate adjustment  
9.1.1 Grey cement 
The cement used in this study is a commercial clinker specially ground with anhydrite from Heidel-
berg cement, classified as CEMI 42.5R. Several batches were used for the whole study. Each time a 
new batch was received, the reactivity was compared with the previous ones. Compressive strengths 
are shown in Figure 9.1. Minor differences were measured between the different batches. 
 
Figure 9.1. Compressive strength of the different batches of reference PC. 
 
9.1.2 Sulfate adjustment for grey and white cement 
To prevent undersulfation and to optimize early-age strength, the sulfate content needs to be adjust-
ed in calcined clay blends [43]. The adequate sulfate content was obtained by adding gypsum to the 
blends. The adjustment was done on both grey and white cements. The gypsum used for this study 
is a 98 % + grade from Acros company. 
9.1.2.1 Grey cement 
1 %, 2 % and 3 % were added respectively and Figure 9.2 shows the influence of this gypsum addi-
tion on the heat flow curves obtained by isothermal calorimetry for LC3-50 (95.0%). The appropri-
ate gypsum adjustment was defined when it was possible to distinguish the silicate and aluminate 
peak on heat flow curves. Thus, a 2 % extra addition is found to be required to avoid the undersul-
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fation of calcined clay blends. Since this calcined clay has the highest metakaolin content, this sys-
tem is the upper limit for gypsum addition, i.e. there is no undersulfation using clays with lower 
metakaolin content. The same gypsum was applied to all calcined clay blends. The final amount of 
sulfate present in the calcined clay blends correspond to the initial sulfate from the anhydrite of the 
cement and from this extra-addition of 2 % of gypsum.  
 
 
Figure 9.2. Influence of gypsum addition on the heat flow of LC3-50 (95.0%) blend. 
 
9.1.2.2 White cement  
For white cement, similar adjustment to grey cement was carried out. However, before adjusting 
sulfate level, the alkali content was adjusted to reach similar level to the grey cement. The influence 
of the alkali addition on the heat flow curves is shown in Figure 9.3 (a) for WPC and in Figure 9.3 
(b) for WLC3-50 (95.0%). For reference WPC blend, it is not possible anymore to distinguish the 
silicate from the aluminate peak. The addition of 2% of sulfate permits to separate these two peaks. 
For WLC3-50 blends, 3% of gypsum was necessary to observe the separation between the two 
peaks.  
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Figure 9.3. Influence of alkali and sulfate addition on the heat flow curves  
of reference WPC (a) and WLC3-50 (95.0%) blend (b). 
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9.2 Appendix 2 - Characterization of raw and calcined clays 
9.2.1 Kaolinite content, calcined kaolinite content and metakaolin content 
9.2.1.1 Kaolinite content in raw clay 
The dehydroxylation of kaolinite (AS2H2) occurs from 400 °C to 650 °C [15, 16], leading to the 
formation of the metakaolin phase (AS2), according to Equation 9.1.  
 AS2H2        =       AS2       +       2H 
258.16 g.mol-1      222.14 g.mol-1    36.03 g.mol-1          
 Eq. 9.1 
 
The initial kaolinite content of each raw clay wt%kaolinite was calculated according to Equation 9.2 
by Thermogravimetric Analysis (TGA) using tangent method from the weight loss over the kaolin-
ite dehydroxylation interval, defined as wt%kaol-OH, where Mkaolinite and Mwater stand for the molecu-
lar mass of kaolinite and water, respectively. TGA experiments were repeated three times for each 
clay, with an average deviation of 1.1%.  
  
 
wt%kaolinite = wt%kaol−OH ×
Mkaolinite
2Mwater
 Eq. 9.2 
 
9.2.1.2 Calcined kaolinite content 
TGA experiments were also run on all calcined clays to assess the calcination efficiency. Some of 
the clays calcined by the material supplier were found not to be entirely dehydroxylated. Conse-
quently the calcined kaolinite content was defined as the part of kaolinite which was dehydroxylat-
ed during the calcination process. This parameter was calculated by taking the difference between 
the kaolinite content before and after calcination. However, the basis of kaolinite content in calcined 
clays is not the same as in raw clays, since the sample mass does not remain constant during the 
calcination process due to the water loss. Figure 9.4 gives an example of this basis change for a pure 
kaolinitic clay in which only half of kaolinite is dehydroxylated. During calcination, 50 % of kao-
linite transforms into 43.4 % of metakaolin and 6.6 % of water. The amount of unreacted kaolinite 
in the calcined clay given by TGA is not 50 %, but 50/(50+43.4)% because of the water evapora-
tion. 
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Figure 9.4. Basis change of unreacted kaolinite in calcined clay.  
 
Thus, the amount of unreacted kaolinite in the calcined clay has to be normalized as shown in Equa-
tion 9.3, based on the remaining water loss in calcined clay corresponding to kaolinite dehydroxyla-
tion wt% kaol-OH, calcined. 
 
 
wt%calcined kaolinite = wt%kaolinite −wt%kaol−OH , calcined ×
Mkaolinite
2Mwater
×
100−wt%kaol−OH , calcined
100
#
$
%%
&
'
((
 Eq. 9.3 
  
9.2.1.3 Metakaolin content in calcined clay 
The metakaolin content is used in Chapter 3 to consider the reactive phase of calcined kaolinitic 
clays and it is meaningful for the determination of the reaction degree of metakaolin phase. The 
metakaolin content in calcined clay wt% metakaolin is obtained by determining the maximum me-
takaolin obtainable in the raw clay, similar to Equation 9.2 for kaolinite but considering the molecu-
lar mass of metakaolin M metakaolin. This metakaolin value calculated from the raw clay has to be 
normalized on a calcined clay basis, contrary to the calcined kaolinite content. Figure 9.5 shows an 
example for a pure kaolinitic clay. The estimation of the metakaolin content from the raw clay gives 
86.7 %, whereas the calcined clay is composed of 100 % of metakaolin. The reason for this differ-
ence comes from the water evaporation which is not taken into account before the normalization.  
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Figure 9.5. Basis change from raw to calcined clay. 
 
In case of incomplete calcination, the amount of uncalcined material was subtracted based on the 
remaining water loss corresponding to kaolinite dehydroxylation wt% kaol-OH, calcined.  
 
wt%metakaolin = wt%kaol−OH , raw ×
Mmetakaolin
2Mwater
×
100
100−wt%kaol−OH , raw
#
$
%
%
&
'
(
(−wt%kaol−OH , calcined ×
Mmetakaolin
2Mwater
 Eq. 9. 4 
 
9.2.2 Influence of other clays on kaolinite quantification by TGA 
A source of error of the kaolinite content determination by TGA can come from the presence of 
other types of clays as secondary phases in the clay which also partially dehydroxylate over this 
temperature range [22]. To investigate the influence of these other clays, high-grade illite, musco-
vite and montmorillonite were studied. The kaolinitic clay contains 79.4% of kaolinite. An 85%-
grade illitic clay and montmorillonitic clay from Wards company are used. The muscovitic clay is 
provided by ABCR. Figure 9.6 shows the XRD patterns of these clays.  
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Figure 9.6. XRD patterns of clays rich in kaolinite, illite, muscovite and montmorillonite. 
 
The TGA curves for these clays is shown in Figure 9.7. It shows that with the increase of tempera-
ture, montmorillonite first loses the water present in the interlayer space from 30 °C to approxi-
mately 150 °C. Then, the four clays lose their structural water from 400 °C to 650 °C for kaolinite, 
from 450 °C to 700 °C for illite, from 550 °C to 700 °C for montmorillonite and from 650 °C to 900 
°C for muscovite. These results are in agreement with Fernandez [45]. 
 
Figure 9.7. TGA of clays rich in kaolinite, illite, muscovite and montmorillonite. 
 
Thus, the main clay interfering with kaolinite dehydroxylation is the illitic clay. Several mixes of 
this clay with the kaolinitic clay were prepared and analysed by TGA. 25 %, 50 %, 75 % of the kao-
linitic clay was substituted by the illitic clay. Figures 9.8 and 9.9 show the TGA and DTG curves 
for the different mixes. With the increase of the content of the illitic clay, the total water loss de-
creases.  
 
Appendix 
130 
 
Figure 9.8. TGA curves of the mix kaolinitic clay / illitic clay. 
 
 
Figure 9.9. DTG curves of the mix kaolinitic clay / illitic clay. 
 
The kaolinite content obtained by TGA is then compared with the theoretical one in Figure 9.10. An 
excellent correlation is found. The maximum deviation is found for the mix containing 75 % of illit-
ic clay for which the difference of kaolinite content between the measured and the theoretical values 
is 2.65 %. Thus, the kaolinite content is not significantly impacted by the presence of illite as main 
secondary phase. 
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Figure 9.10. Determination of the kaolinite content by TGA  
in the mixes containing different kaolinitic to illitic fractions.  
 
9.2.3 Comparison of kaolinite quantification between XRD-Rietveld and TGA 
X-Ray Diffraction is a more widely used technique than TGA to quantify the kaolinite content of 
clays. However, the quantification of kaolinite by XRD-Rietveld method is very challenging due to 
the structure of kaolinite, in which extensive layer-disorder and preferred orientation are observed. 
For the different clays used in this study, the comparison of kaolinite content between TGA and 
XRD-Rietveld is shown in Figure 9.11. For most of clays, the kaolinite content obtained by TGA is 
in agreement with XRD-Rietveld. However, significant differences are also observed (max. 29.8 
%). An average absolute difference of 6.1 % is measured.  
 
 
Figure 9.11. Comparison of kaolinite content obtained by XRD-Rietveld and TGA. 
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9.2.4 Calcination protocol 
Most of clays were not ground when received. To remove the moisture from clays to ensure an effi-
cient grinding, the clays were first stored over night in an oven at 90 °C. Clays were then crushed 
and then ground using a disc mill (Siebtechnik TS250) for 1 minute. Some of the clays were cal-
cined by external companies using flash or static calcination. Most of the clays were calcined in our 
laboratory, about 1 kg per batch, in alumina crucibles. The crucibles were then heated at 800 °C for 
1 h in a high-temperature furnace (Borel FP1100). This calcination temperature was chosen to en-
sure a complete dehydroxylation of kaolinite and to get the highest pozzolanic potential of calcined 
clay [16, 22, 153, 154]. The temperature profile of the heating step, the storage at 800 °C and the air 
quenching is shown in Figure 9.12.  
 
 
Figure 9.12. Temperature profile during the calcination of clay. 
 
9.2.5 Physical properties and XRF chemical composition of calcined clays 
The origin, the calcination process, the calcined kaolinite content, the Dv,50 measured by laser dif-
fraction, the specific surface area measured by nitrogen adsorption for all calcined clays are shown 
in Table 9.1. Table 9.2 indicates the chemical composition obtained by XRF.  
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Table 9.1. Origin, kaolinite content and physical properties of calcined clays. 
Calcined 
clay Origin of clay Calcination 
Calcined kaolinite 
content (%) 
Dv,50 
(µm) 
Span 
(-) 
BET Specific 
surface (m2/g) 
1 North America Flash 95.0 5.1 3.8 9.6 
2 South America Flash 91.0 5.9 3.5 15.9 
3 South Asia Furnace 79.4 5.3 5.4 15.3 
4 South America Flash 77.0 5.6 5.7 11.7 
5 East Asia Furnace 74.9 - - - 
6 South Asia Furnace 72.6 8.0 7.9 14.4 
7 South Asia Furnace 71.7 27.0 2.7 28.0 
8 Central Africa Furnace 66.4 27.4 6.8 50.1 
9 South America Flash 66.2 4.0 7.4 12.9 
10 South Asia Furnace 62.6 25.3 10.1 15.2 
11 South America Furnace 61.2 7.4 7.6 47.2 
12 East Asia Furnace 61.1 16.6 2.1 - 
13 Carribean Furnace 59.2 5.7 4.5 33.9 
14 South America Furnace 53.9 7.8 6.2 - 
15 East Asia Furnace 53.8 - - - 
16 South Asia Rotary kiln 51.3 7.8 6.2 9.2 
17 Carribean Furnace 51.0 4.6 4.3 35.7 
18 South-east Asia Furnace 50.3 10.9 3.7 45.7 
19 South America Furnace 50.1 - - - 
20 South America Furnace 49.8 - - - 
21 Western Asia Furnace 44.7 - - - 
22 South America Furnace 43.9 - - - 
23 South America Furnace 43.2 13.3 15.0 29.1 
24 Europe Furnace 41.8 9.1 3.1 22.7 
25 Western Asia Furnace 40.0 4.5 1.4 - 
26 South Asia Furnace 39.0 10.8 4.9 11.2 
27 Carribean Furnace 38.9 8.5 3.1 23.1 
28 South America Furnace 37.9 - - - 
29 South America Furnace 35.0 23.5 11.5 18.5 
30 North America Furnace 33.8 20.8 4.1 12.5 
31 Carribean Furnace 31.4 4.6 5.6 71.7 
32 South America Furnace 31.3 7.5 3.7 12.2 
33 Carribean Furnace 30.8 3.8 5.5 20.0 
34 Europe Furnace 29.8 - - - 
35 South America Furnace 28.3 5.6 5.7 19.3 
36 Europe Furnace 27.6 4.2 6.6 45.8 
37 West Africa Furnace 26.6 15.2 10.7 23.4 
38 West Africa Furnace 23.7 20.5 3.7 21.1 
39 Carribean Furnace 22.4 8.2 3.1 - 
40 East Asia Furnace 21.8 16.4 3.7 4.4 
41 Western Asia Furnace 20.6 7.7 7.2 - 
42 West Africa Furnace 20.2 29.7 4.7 13.3 
43 South Asia Furnace 17.0 5.9 4.7 18.7 
44 Southern Africa Flash 15.0 8.9 2.6 4.7 
45 North America Furnace 14.8 25.1 7.2 4.7 
46 Western Asia Furnace 7.4 - - - 
 Quartz - - 0.0 11.2 2.4 1.2 
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Table 9.2. XRF chemical composition of calcined clays. 
Calcined 
clay SiO2 Al2O3 Fe2O3 CaO MgO SO3 Na2O K2O TiO2 P2O5 MnO Others LOI 
1 52.0 43.8 0.3 - - 0.1 0.3 0.1 1.5 0.2 - 0.1 1.5 
2 51.7 42.9 0.9 0.0 0.0 0.0 0.0 0.1 2.3 0.0 0.0 0.0 2.0 
3 51.8 42.4 1.9 0.1 0.1 - 0.1 0.1 2.4 0.1 - 0.2 1.0 
4 52.3 43.8 0.6 0.0 0.1 0.0 0.1 0.0 1.8 0.0 0.0 0.1 1.0 
5 - - - - - - - - - - - - - 
6 54.3 39.0 1.4 0.1 0.4 0.0 0.1 1.5 1.2 0.3 0.0 0.0 1.7 
7 53.8 39.3 1.2 0.6 0.7 0.0 0.2 0.8 1.6 0.3 0.0 0.2 1.3 
8 57.0 35.1 2.5 0.1 0.3 0.0 0.1 0.7 1.8 0.3 1.0 0.0 2.0 
9 50.8 42.7 0.6 - - - - 0.1 1.8 0.1 0.0 0.2 3.6 
10 60.9 33.1 0.9 1.6 0.3 0.0 0.2 0.4 1.9 0.2 0.0 0.0 0.5 
11 48.1 35.1 9.4 0.8 0.5 0.0 0.2 0.1 2.3 0.3 2.0 0.0 3.0 
12 54.7 39.9 0.5 0.1 0.2 0.0 0.1 2.2 0.4 0.6 0.0 0.1 0.8 
13 44.8 35.7 14.7 0.1 0.6 0.2 0.0 0.2 0.6 0.1 0.2 0.3 2.2 
14 54.9 28.6 9.0 0.9 1.3 0.2 0.2 3.0 1.1 0.5 0.1 0.0 0.2 
15 60.7 35.9 0.7 0.1 0.1 0.0 0.1 0.1 1.1 0.1 0.0 0.0 1.1 
16 59.2 33.1 4.0 0.1 0.1 0.0 0.2 0.2 2.2 0.0 0.0 0.0 0.6 
17 47.3 29.5 19.2 0.1 0.7 0.1 0.5 0.1 0.7 0.3 0.0 0.2 1.4 
18 44.9 32.3 15.4 1.3 0.8 0.1 0.4 0.2 2.4 0.4 0.1 0.2 1.7 
19 44.9 28.8 20.9 0.0 0.2 0.0 0.0 0.3 3.5 0.2 0.2 0.0 0.8 
20 72.3 24.2 2.1 0.0 0.1 0.0 0.0 0.3 0.4 0.0 0.0 0.0 0.6 
21 61.3 24.2 6.2 0.7 0.4 0.2 0.2 1.6 2.5 1.0 0.0 0.8 1.0 
22 51.8 25.8 15.6 1.8 0.8 0.0 0.1 0.2 1.1 0.3 0.2 0.6 1.6 
23 61.0 25.2 9.1 0.1 0.2 0.0 0.1 1.1 1.4 0.2 0.1 0.2 1.1 
24 61.8 27.3 3.4 0.2 0.4 0.0 0.2 3.5 0.4 0.1 0.0 0.0 2.6 
25 68.6 26.1 0.7 1.1 0.3 0.1 0.1 0.5 0.0 0.3 0.0 0.5 1.6 
26 71.3 23.5 1.0 0.3 0.4 0.0 0.2 1.4 1.3 0.2   0.1 0.4 
27 54.7 26.8 13.6 0.3 1.0 - - 0.4 1.1 - - - 1.9 
28 - - - - - - - - - - - - - 
29 67.6 22.6 6.1 0.5 - - - 0.3 1.5 - - - 1.4 
30 73.6 21.6 0.5 0.5 0.2 0.3 0.1 0.4 0.8 0.3 0.0 0.2 1.2 
31 53.2 21.9 16.2 3.1 0.8 0.1 0.1 0.1 1.3 0.0 0.8 0.1 2.0 
32 69.7 21.4 2.2 0.1 0.4 0.1 0.3 2.4 0.3 0.2 0.0 0.1 2.5 
33 66.0 19.7 10.9 0.1 0.1 0.0 0.3 1.1 0.7 0.1 0.0 0.0 0.9 
34 63.3 18.9 6.8 1.0 2.1 0.2 0.3 3.6 1.0 0.3 0.0 0.6 1.8 
35 70.4 18.1 7.4 0.0 0.3 0.0 0.1 1.4 1.1 0.2 0.0 0.2 0.7 
36 60.9 22.3 10.3 0.3 0.7 0.0 0.2 2.9 1.3 0.1 0.0 0.2 0.7 
37 66.7 19.6 7.3 0.2 0.8 0.0 0.5 2.9 0.7 0.3 0.0 0.1 0.7 
38 67.2 16.0 12.1 0.1 0.2 0.0 0.1 0.1 3.0 0.3   0.1 0.8 
39 - - - - - - - - - - - - - 
40 64.2 23.9 1.1 0.1 0.2 0.0 0.2 9.3 0.1 0.1 0.0 0.1 0.6 
41 75.5 16.1 0.8 3.5 0.2 0.2 0.1 0.6 0.0 0.3 0.0 0.7 1.9 
42 81.6 10.7 4.8 0.2 0.1 0.0 0.1 0.1 0.9 0.3 0.0 0.2 1.0 
43 68.4 17.5 8.9 0.6 0.7 - 0.1 2.3 0.8 0.1 0.1 0.2 0.5 
44 67.8 20.1 1.7 0.1 1.1 0.0 0.6 3.8 0.9 0.0 0.0 0.0 3.8 
45 63.7 15.7 4.5 7.7 2.6 0.6 0.4 2.6 0.6 0.2 0.0 0.2 1.0 
46 62.3 19.3 8.7 0.5 0.5 0.2 1.1 3.5 1.7 0.8 0.0 0.8 0.7 
Quartz 99.8 - - - - - - 0.1 - - - - 0.1 
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9.3 Appendix 3. Application of R3 test to different calcination temperature 
and various SCMs 
The R3 was developed and applied to a wide range of calcined clays in Chapter 2. It was also shown 
in this chapter that the calcined kaolinite content is a relevant parameter for the strength develop-
ment of PPC30 and LC3-50 systems. However, this parameter can not be used anymore in two cas-
es. First, if the clay is calcined at too high-temperature. The calcined kaolinite content takes into 
account an incomplete calcination, but not an “over”-calcination. Second, the calcined kaolinite 
content can not be used for other SCMs obviously. Thus, in this appendix, the R3 test is first applied 
to a clay calcined at different temperatures. Then, the R3 is applied to a wide range of SCMs. 
 
9.3.1 Optimization of the calcination temperature of calcined clay 
The R3 test was applied to the clay with 50.3% of calcined kaolinite to investigate the influence of 
the calcination temperature on the reactivity of the calcined clay. Five calcination temperatures 
were chosen: 600 °C, 700 °C, 750 °C, 800 °C and 850 °C. The raw clay was tested as comparison.  
 
9.3.1.1 Calcination assessment 
The calcination was assessed by XRD in Figure 9.13. A partial dehydroxylation of kaolinite is ob-
served at 600 °C and this dehydroxylation is complete from 700°C onwards.  
 
Figure 9.13. XRD patterns of raw clay and clay calcined at 600 °C, 700 °C, 750 °C, 800 °C and  
850 °C. H, Mi and Q refers to hematite, microcline and quartz, respectively. 
 
The calcination efficiency was also investigated by TGA. TGA and DTG results are shown in Fig-
ure 9.14 (a) and (b), respectively. At 600 °C, the calcination of goethite is complete, since there is 
no mass loss from 250 °C to 350 °C. but there is still some kaolinite left. A complete calcination is 
obtained for a minimum calcination temperature of 700°C.  
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Figure 9.14. TGA (a) and DTG (b) of raw clay and clay calcined  
at 600 °C, 700 °C, 750 °C, 800 °C and 850 °C. 
 
9.3.1.2 Reactivity of calcined clay 
The results of compressive strength tests are shown in Figure 9.15 at 1, 3, 7, 28 and 90 days of hy-
dration. The highest strengths are obtained for a calcination temperature of 750 °C and 800 °C. 
Even at 600 °C where the calcination of kaolinite is incomplete, higher strength than PC is reached 
at 90 days of hydration. 
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Figure 9.15. Compressive strength at 1, 3, 7, 28 and 90 days of hydration for reference PC  
and LC3-50 (50.3%) for different calcination temperature. 
 
The R3 test results by isothermal calorimetry at 40 °C in Figure 9.16 show that the highest heat is 
obtained for the clay calcined at 800 °C, with a slightly lower reactivity for the clay calcined at 700 
°C and 750 °C. The reason for the lower reactivity at 600 °C is due to the incomplete dehydroxyla-
tion of kaolinite observed in Figures 9.13 and 9.14 by XRD and TGA, respectively.  
 
 
Figure 9.16. Cumulative heat release for the raw clay and the clays calcined  
at 600 °C, 700 °C, 750 °C, 800 °C and 850 °C. 
 
 
In order to understand the decrease of reactivity for the clay calcined at 850 °C, the Dv,50 as well as 
the specific surface are shown in Figure 9.17 for the different calcination temperatures. It shows the 
continuous increase of the Dv,50 and the continuous decrease of the specific surface with the calcina-
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tion temperature, with a significant drop of the specific surface from 800 °C to 850 °C. The calcina-
tion tends to agglomerate the particles of clay together. Fernandez showed the formation of ag-
glomerates of smaller particles by SEM from 800 °C onwards [45]. Thus, the drop in specific sur-
face due to the agglomeration of calcined clay particles is likely to be responsible for the decrease 
of reactivity compared with the clay calcined at 800 °C. 
 
 
Figure 9.17. Evolution of the Dv,50 and the specific surface with the calcination temperature. 
  
The correlation of LC3-50 mortar strength with the cumulative heat released at 24 h of hydration is 
shown in Figure 9.18. Good correlations are obtained. The decrease of reactivity for the clay cal-
cined at 850 °C due to the physical rearrangement of clay particles is more clearly observed by the 
R3 test than for strength results. The more important shearing force during the mixing of the mortar 
with the sand particles might break some of the agglomerates formed, improving the reactivity of 
the calcined clay.  
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Figure 9.18. Correlation between the mortar strength results of LC3-50 (50.3%)  
and the heat release after 24 h by isothermal calorimetry. 
 
9.3.2 Application to other Supplementary Cementitious Materials 
To extend the scope of the R3 test to other SCMs, two slags (S1 and S8), two fly ashes (FA1 and 
FA2), a silica fume (SF) and a burnt oil shale (BOS) were tested. Their composition and physical 
properties are shown in Table 9.3. Two calcined kaolinitic clays with 95.0 % and 50.3 % of cal-
cined kaolinite are also used for comparison. PPC30 systems were studied here, i.e. without lime-
stone. The compressive strength results are shown in Figure 9.19. At 1 day of hydration, all blends 
show lower strength than plain PC system, except for the burnt oil shale mix. At 3 days of hydra-
tion, silica fume and the highest-grade calcined clay reach PC strength. Progressively with time, all 
SCMs exceed PC strength except quartz. Similar strength to PC is reached for slag systems at 7 
days, for fly ash 2 at 28 days. Silica fume shows a significant increase of strength at 28 days and 90 
days of hydration.  
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Table 9.3. XRF composition and physical properties of the different SCMs. 
 BOS S1 S8 SF FA1 FA2 
Dv,50 (µm) 6.1 19.5 18 0.2 18.3 7.2 
BET Specific 
surface (m2/g) 6.5 1.2 1.0 21.4 0.7 - 
 XRF Compositions (%) 
SiO2 33.5 36.1 34.7 92.5 50.5 33.6 
Al2O3 10.1 12.1 20.1 2.9 24.7 18.2 
Fe2O3 6.1 0.8 0.4 0.2 9.3 6.4 
CaO 29.7 42.0 33.3 0.0 5.1 26.5 
MgO 1.8 7.1 9.4 0.0 2.9 6.4 
SO3 9.7 1.5 0.7 0.0 0.7 2.2 
Na2O 0.3 0.1 0.1 0.2 1.1 1.9 
K2O 2.0 0.3 0.8 0.1 4.1 0.4 
TiO2 0.5 0.5 0.9 0.0 1.0 1.3 
P2O5 0.3 0.0 0.0 0.5 0.0 0.9 
MnO 0.1 0.2 0.1 0.0 0.0 0.0 
Others 0.2 0.0 0.0 2.8 0.0 0.0 
LOI 5.4 -0.7 -0.5 0.6 0.7 0.9 
 
 
 
Figure 9.19. Compressive strength tests at 1, 3, 7, 28 and 90 days of hydration  
for the various SCMs. 
 
For the R3 test, the mix design was chosen to simulate PPC30 systems, i.e. without limestone. The 
cumulative heat release at 40 °C is shown in Figure 9.20. Significant differences in kinetics of hy-
dration are observed between the different SCMs. Calcined clays are clearly the most reactive 
SCMs, reaching a plateau at about 24 h, whereas burnt oil shale and the two slags show a slowing 
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down of hydration from 3 days onwards. Fly ash 1 and silica fume still react at 7 days. Thus, the 
heat value at 6 days of hydration is used for the correlation with the compressive strength of PPC30 
mortar. 
 
Figure 9.20. Cumulative heat release at 40°C for various SCMs. 
 
Figure 9.21 shows the correlation between the mortar strength results of PPC30 blends with the heat 
release. It shows that good correlations are obtained for quartz, slags, fly ashes and calcined clays. 
These results are in agreement with the results obtained by Snellings and al. [46] with a slightly 
different mix design. However, some deviations are observed for silica fume and burnt oil shale. 
The reason especially for the deviations at very early age could be the dominance of the filler effect 
combined with the physical effect of silica fume and burnt oil shale particles which could explain 
why a low heat value is obtained whereas high strengths are measured.  
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Figure 9.21. Correlation between mortar compressive strength of PPC30 systems and the cumula-
tive heat release at 40 °C at 6 days of hydration for portlandite/SCM model systems. 
 
9.3.3 Conclusion 
The R3 test permits to determine the optimal calcination temperature of a clay, which is around 750 
°C to 800 °C. Above this temperature, the reactivity decreases. This calcination at too-high tem-
perature would not be detected by simply considering the calcined kaolinite content as an indicator 
or reactivity. In addition to calcined clays (and quartz), the R3 test also reliably predicts the strength 
development of mortar blend containing fly ashes and slags. However, some discrepancies are ob-
served for burnt oil shale and silica fume, likely due to the physical and/or filler effect of these fine 
particles.  
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9.4 Appendix 4 – Workability of LC3-50 blends 
Due to water adsorption on metakaolin particles, the workability of LC3-50 blends is worse than 
plain Portland cement. To get similar workability for all systems, a polycarboxylate superplasticizer 
from Mapei (SP490) was used for pastes and mortars. For mortars, the superplasticizer was progres-
sively added to the mixer to reach an adequate workability (similar to PC with a flow of 16 ± 2 cm). 
The mortar casting was carried out according to EN 197-1 using a water to binder ratio of 0.5. The 
flow was measured on a flow table using a cone of 5 cm-high, and tapping 15 times in 15 seconds 
the flow table. Two perpendicular diagonals were then measured and the average value gives the 
flow of the system. For pastes, the superplasticizer was added to reach workability close to PC, i.e. 
a flow 8.5 ± 2 cm and 13 ± 2 cm for w/b of 0.4 and 0.5, respectively. The mini cone test was used. 
A cone of 5 cm high was filled with fresh paste, and the cone was removed. No tapping was neces-
sary. Two diagonals were measured and the average indicates the flow value.  
 
9.4.1 Mortar 
Figure 9.22 shows the amount of superplasticizer added as a function of the calcined kaolinite con-
tent. For high-grade calcined clay, the mix became more plastic and did not show the same viscosity 
as plain Portland cement. Since the flow obtained was not exactly the same for all systems, the 
amount of superplasticizer as a function of the calcined kaolinite content is normalized by the flow 
value in Figure 9.23. It shows a linear correlation between the admixture content and the calcined 
kaolinite content. The higher the calcined kaolinite content in the calcined clay, the more superplas-
ticizer needs to be added to reach similar workability to PC. Some scatter is observed, especially for 
calcined clays with a fairly low calcined kaolinite content. With the decrease of the calcined kaolin-
ite content the amount of secondary phases increases, which can improve or worsen the rheological 
properties. Other factors such as the calcination process, the fineness and the specific surface of the 
calcined clays can also play a minor role in the workability properties of LC3-50 blends. 
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Figure 9.22. Amount of superplasticizer added in LC3-50 mortars.  
 
 
Figure 9.23. Amount of superplasticizer added in LC3-50 mortars, normalized by the flow value.  
 
9.4.2 Paste 
Figure 9.24 shows the amount of superplasticizer required to reach a flow close to PC. It shows an 
increase of the admixture content with the calcined kaolinite for both water to binder ratio. Obvi-
ously, the amount of superplasticizer needed decreases with the increase of the water to binder ratio. 
Since not all systems have exactly the same flow values, the amount of superplasticizer added was 
normalized by the flow value in Figure 9.25. As for mortars, linear trends are obtained, showing 
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that the calcined kaolinite content is the most critical parameter controlling the workability of LC3-
50 blends.  
 
 
Figure 9.24. Amount of superplasticizer added in LC3-50 pastes.  
 
 
Figure 9.25. Amount of superplasticizer added in LC3-50 pastes, normalized by the flow value. 
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9.5 Appendix 5 – Determination of the density of C-A-S-H by 1H-NMR  
1H Nuclear Magnetic Resonance permits to analyse the different water populations present in a 
sample. A magnetic pulse leads to the excitation of the spins of hydrogen atoms (protons). The re-
laxation time of the hydrogen spins is recorded and gives information on the mobility of water mol-
ecules. The more tightly bound the water molecule is, the faster the relaxation time. In pores, the 
protons relax when they hit the surface, so the relaxation time is related to the size of the pore [115, 
116]. 
Five main populations of water have been identified in hydrated cement pastes [80]:  
- the first population with the fastest relaxation time (about 10 µs)  corresponds to the chemi-
cally bound water of crystalline phases such as ettringite, portlandite and monosulfate for 
plain Portland cement system as well as hemi- and monocarboaluminate phases for blends 
containing limestone, such as LC3-50 blends. This water is called solid water.  
- C-A-S-H interlayer water is attributed to the water population with a relaxation time of hy-
drogen spins of about 100 µs. 
- slightly more mobile water in the gel pores of C-A-S-H is then observed with a relaxation 
time of 400 µs. 
- the fourth water population corresponds to the water in inter-hydrate space (between C-A-S-
H needles) which show a relaxation time from 1 to 10 ms. 
- finally, the longest relaxation time corresponds to the water present in the capillaries, with a 
relaxation time from about 6 ms onwards. These last two populations represent the free wa-
ter in the samples. They will be referred to as capillary water in the next sections. 
 
Using the quantitative information on the different water populations from 1H-NMR measurements, 
mass and volume balance can be applied to determine the density of C-A-S-H, according to Equa-
tions 9.5 and 9.6, adapted from [80]. These Equations are based on 100g of anhydrous binder. w 
and b refer to the initial amounts of water and binder, respectively. α refers to the hydration degree 
of clinker (cl), limestone (ls) and calcined clay(cc), I is the intensity fraction of the different water 
signals. β, γ and δ are the inverse mass fraction of water in the different crystalline phases, in the C-
A-S-H and in the gel and capillary space, respectively.  
 
w+b = b (1−αcl )+ (1−αcc )+ (1−αls )( )+  
w βCH ICH +βAFt IAFt +βHcIHc +βMcIMc +γ ICASH +δ(Igel + Icap )( )  
Eq. 9.5 
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The degree of hydration of clinker and limestone are obtained by X-Ray Diffraction (XRD) com-
bined with Rietveld method. The degree of reaction of metakaolin in calcined clay is obtained ac-
cording to Chapter 3.  
 
The signal of the water present in the crystalline phases can be expressed as Isolid = ICH + IAFt + IHc + 
IMc. XRD-Rietveld was used to determine the amounts of portlandite, ettringite, hemi-, monocar-
boaluminate and monosulfoaluminate phases. The inverse water contents of portlandite, ettringite, 
hemi- and monocarboaluminate and monosulfate are obtained from the stoichiometric compositions 
of each phase, i.e βCH = 74.09/18.01, βAFt = 1255.11/576.51, βHc = 564.45/216.19, βMc = 
568.29/198.18 and βMs = 622.52/216.19. For the volume balance, the contribution of the chemical 
shrinkage Ivoid is measured separately. Thus, the remaining unknowns from Equations 1 and 2 are 
the inverse water content of the C-A-S-H γ and the C-A-S-H density ρC-A-S-H. Equation 9.5 permits 
to determine γ and ρC-A-S-H is obtained from Equation 9.6. The C-A-S-H stoichiometric composition 
can be written as Caz(Al1-ySiy)Oz+1/2y+3/2H2Ox. x, y and z parameters can be obtained from the Equa-
tions 9.7, 9.8 and 9.9 respectively. x is related to the inverse water content γ of C-A-S-H in Equa-
tion 3. y and z parameters are obtained experimentally by SEM-EDX from the atomic composition 
of C-A-S-H.  
 
 
x = 56z +9y +51
18(γ −1)
 Eq. 9.7 
 
 
y = Si
Al + Si
 Eq. 9.8 
 
 
z = Ca
Al + Si
 Eq. 9.9 
 
 
To determine the bulk density of C-A-S-H ρ’C-A-S-H, the C-A-S-H stoichiometric composition is 
modified to Caz(Al1-ySiy)Oz+1/2y+3/2H2Ox’ to include the water present in the gel pores. x’ is obtained 
according to Equation 9.10. The bulk density of C-A-S-H is obtained according to Equation 9.11, 
where MC-A-S-H and Mw refer to the molecular mass of solid C-A-S-H and water, respectively.  
 
 
x ' = x
(Igel + ICASH )
ICASB
 Eq. 9.10 
 
 
ρ 'CASH =
MCASH + (x '− x)Mw
MCASH
ρCASH
+ (x '− x)Mw
 
Eq. 9.11 
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9.6 Appendix 6 – XRD patterns of PC and LC3-50 blends in binding 
isotherms 
The XRD patterns of PC and the LC3-50 blends after 4 months of exposure to water and NaCl solu-
tions (after 28 days of hydration) are shown in Figures 9.26-9.28. 
 
 
 
 
Figure 9.26. XRD patterns of PC and LC3-50 (0%) and (17.0%) blends  
for samples stored in water and in the different NaCl solutions. 
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Figure 9.27. XRD patterns of LC3-50 (41.9%) and (50.3%) blends  
for samples stored in water and in the different NaCl solutions. 
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Figure 9.28. XRD patterns of LC3-50 (79.4%) and (95.0%) blends  
for samples stored in water and in the different NaCl solutions. 
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